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Nanocomposites consisting of a ferroelectric oxide embedded within a non-ferroelectric matrix are 
a unique class of materials with potential to improve performance in next-generation electronics and non-
volatile memory. Dielectric losses and breakdown due to processing and intrinsic properties of a monolithic 
ferroelectric point to low figures of merit. Therefore, it is necessary to develop composite materials with an 
active ferroelectric that is physically confined within a low-loss dielectric matrix while maintaining 
significant dielectric and pyroelectric properties inherent to ferroelectrics. The purpose of this work is to 
explore the behavior of ferroelectric nanocomposites as a function of dimensionality, and composition. The 
theoretical studies concentrate on a thermodynamic model while experimental work considers two different 
nanocomposite configurations. Thermodynamic calculations based on a Landau-Devonshire theory of 
phase transformation for PbZr0.2Ti0.8O3 films with various interposed dielectrics reveal a dielectric constant-
dependent critical thickness where subcritical thicknesses show enhanced dielectric and pyroelectric 
coefficients due to Curie temperature suppression. These calculations guide experiments where PbZr0.4Ti 
0.6O3 films with a thin HfO2 dielectric layer were grown using chemical solution deposition and atomic layer 
deposition, respectively. Experiments reveal that the polarization, coercive field and dielectric constant vary 
within the sample set following a model that describes capacitors-in-series, in contradiction to the 
theoretical work which assumes large electrostatic interactions at the interface. Furthermore, these films 
show over an order of magnitude difference in resistivity, with retention time greater than 1000 seconds 
making them attractive for memristor applications. Finally, thin films were fabricated by the electrospray 
evaporation of BaTiO3 particles followed by the atomic layer deposition of HfO2 which permeated and 
adhered to the porous particle film. Dielectric properties were found to be tunable between pure BaTiO3 
and the composite capacitance. This work spans from theory to fabrication to understand how ferroelectric 
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Scientists continue pushing boundaries to gain control of material structures at the nanoscale and 
create systems that are smaller, faster, and in one word; smarter. In order to continue advancing 
the field of material science it is not sufficient to synthesize and process material systems simply 
by experimentation. Choosing appropriate materials and tuning their properties is accomplished 
most efficiently by means of the symbiotic relationship that exists between laboratory 
experimentation and available computational methods, which use electronic and crystal structures 
to predict material behavior at the atomic level. This is achieved by having a clear understanding 
of the crystal structure and desired properties. 
Ferroelectric (FE) materials are important for a number of electronic applications. 
Piezoelectric materials make up the transducer for ultrasonic imagers and sonar devices [1,2]. As 
pyroelectrics FEs are the active material in thermal detectors [3], electrocaloric heating/cooling 
[4] and potentially as energy harvesters [5]. Their stable, switchable polarization also makes FEs 
useful for nonvolatile memory applications such as FE random-access memories (FeRAM) [6-8], 
and more recently as resistive random access memory (ReRAM) [9-11], which is currently used 
in a number of niche applications. However, the most common application of FE materials such 
as barium titanate (BaTiO3) is in charge storage [12] and capacitor applications because of their 
relatively high dielectric permittivity. The relative dielectric permittivity of BaTiO3 single crystals 
is ~ 4,000 at room temperature (RT=25oC) and reaches 10,000 in the vicinity of its FE/paraelectric 
(PE) phase transformation temperature (𝑇7 = 120	°𝐶) [13]. Despite the number of applications for 
FEs there is sustained interest in reducing leakage currents, losses, and simultaneously enhancing 
dielectric, piezoelectric, and pyroelectric coefficients. 
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FE thin films are grown by chemical solution deposition methods (e.g. sol-gel), pulsed 
laser deposition, metal-organic chemical vapor deposition and RF sputtering. These methods 
provide a way of making highly-oriented, polycrystalline films. In bulk form FE materials can be 
grown as a single crystal (monocrystalline) or in ceramic form by pressing a powder together using 
a binding agent. All of these methods produce samples are that contain impurities and defects that 
exist either as trapped charges (Poole-Frenkel emissions) or structural (Schottky) defects. This 
results in leakage current that is detrimental to device functionality and lifetime. Composite 
materials have the potential to address issues inherent to both material processing and structure. A 
composite material is made from two or more components that when combined produce a material 
with different properties from the individual components. In this case a highly insulating dielectric 
(DE) material is added to the FE system with the goal of maintaining all the intrinsic FE properties 
(i.e. polarization switching and remanence, etc.) while reducing the leakage current.  
 COMPOSITES 
In practice, rapid polarization switching in FEs makes them appealing for many applications, 
however, these switching characteristics generally become suppressed (fatigued) with time. The 
mechanisms of fatigue in FE capacitors have been extensively studied. Atomic force microscopy 
studies have found that upon repeated switching domains become pinned in a preferred orientation 
causing fatigue in capacitors [14]. Considering these limitations, it is important to make materials 
that not only show improved dielectric properties but also reduced dielectric loss and leakage 
current. One approach is to make composite materials. Composites are materials systems made up 
of two or more components. Each component retains its chemical and structural identity, yet the 
resulting composite has superior properties or completely new functionalities compared to the 
parent materials. 
 3 
Nanocomposites are materials in which at least one of the phases is in the order of 
angstroms to tens of nanometers. Properties of nanocomposites depend on the microstructure and 
spatial arrangement of both phases. These phases can be arranged as nanoparticles or nanotubes 
dispersed in a matrix, or as heterostructuresd thin films [15,16]. Optimizing phase boundary 
conditions and microstructure will achieve maximized functionality and performance for desired 
applications. The fundamental physics of the interactions between the phases in nanocomposites 
is not well understood, creating opportunity for improvement in this area of research. Further 
exploring the underlying physical phenomena in multifunctional nanocomposites will enable 
enhancing of their properties and discovery of not only new materials, but also novel applications. 
Ferroelectric/dielectric (FE/DE) composites yield a material with a variety of functional 
properties that stem from the composite equilibrium polarization response to an electric field. 
Controlling the shape, size and arrangement of particles with respect to the DE matrix influences 
system energy interactions, long-range electrostatics, short-range FE ordering and electrostrictive 
coupling [17]. Mangeri et al. have used a Landau- Ginzburg approach, coupled with a 
mesoscale/finite-element method to study the connection between the size, shape, and matrix 
medium in a nanocomposite system [17]. Two prototypical FE materials, BaTiO3 and PbTiO3, 
were used to model the FE inclusion/particle and examine its behavior in both a DE medium and 
vacuum. It was found that the equilibrium polarization topology is largely influenced by the 
particle diameter, as well as the surrounding matrix material.  
Alternately, another method to control properties, such as leakage current and dielectric 
loss, is to embed a DE material between the electrodes of a FE capacitor [18-20]. Controlling FE 
properties with an interposed DE has been theoretically considered by Sherman et al. where it was 
found that addition of a small amount of a linear, low loss DE results in an increase in the tunability 
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of the dielectric permittivity [21]. Jiang et al. described the mechanism for polarization switching 
in a metal/PbZr0.40Ti0.60O3 (150 nm)/Al2O3(2-6 nm)/metal capacitor system as a process where the 
internal electric field, driven by the inherent mismatch between the polarizations of the FE and 
Al2O3, briefly enables tunneling through the otherwise insulating Al2O3, thereby charging the 
interface [22]. Once the interface is charged, the electric field is compensated and the system 
returns to behaving as capacitors connected in series. Their FE/DE system also showed improved 
fatigue properties compared to the PZT layer. Experiments by Kim et al. describe a similar system 
where the driving force for charge accumulation at the FE/DE interface was driven by frustrated 
“negative” capacitance in the FE layer [23]. 
In a recent study by Khassaf et al. it was investigated that the dielectric response of 220 
nm thick PbZr0.2Ti0.8O3/SrTiO3 [PZT (20:80)/STO] FE/PE bilayers with varying PZT/STO layer 
fractions grown on platinized silicon [24] It was shown that there exists a critical PZT/STO ratio, 
in this case 0.25, where at this layer fraction the small–signal relative dielectric permittivity 
exceeds 1600, which is significantly larger than those of monolithic PZT and STO films deposited 
at the same conditions (~600 and ~200, respectively) [24]. This behavior can be explained through 
electrostatic and electromechanical interactions between PZT and STO layers. Indeed, this 
response has been predicted theoretically for FE/DE and FE/PE bilayers where the coupling 
through internal electric and mechanical fields plays a significant role in the properties of the 
multilayer heterostructures [25-27]. These theoretical results indicate that such internal fields can 
be used as a design parameter to enhance dielectric, piezoelectric, and pyroelectric properties 
compared to monolithic monolayer FEs [28-31].  
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 FABRICATION TECHNIQUES 
Newnham described the various geometries of piezoelectric and pyroelectric composites in terms 
of the geometric relationship between each component [32]. FE nanoparticles embedded in a DE 
polymer matrix, i.e. (0-3) by Newnham’s nomenclature, have been shown to selectively enhance 
the dielectric permittivity of the nanocomposite [33-35]. Zhang et al. synthesized a flexible, three-
dimensional ceramic/polymer composite that shows excellent piezoelectric and pyroelectric 
properties [36]. Their finding show progress on the path towards self-powered, wearable 
electronics. FE/polymer composites have also been demonstrated for improved energy harvesting 
efficiency with power outputs of up to 25 µW [37]. Additionally, Siddiqui et al. have demonstrated 
a lead- free piezoelectric nanocomposite that is composed of BaTiO3 nanoparticles embedded in 
crystalline polyvinylidene difluoride (PVDF). This nanocomposite piezoelectric nanogenerator is 
capable of harvesting biomechanical energy and storing the electricity in a microbattery [38]. 
 There are many versatile methods to fabricate novel nanocomposites ranging from 
embedding FE nanoparticles into a polymer matrix [39] to embedding BaTiO3 nanoparticles into 
electrospun PVDF nanowires [37] to fabricating thin film capacitors based on metal-DE core/shell 
nanoparticles [40]. A common technique for making FE/polymer nanocomposites is solution 
casting which consists of mixing BaTiO3 particles into a polymer solution followed by drying and 
compressing the mixture into a mold [34]. Core-shell architectures where a BaTiO3 particle is 
enveloped in a polymer shell will produce high permittivity nanocomposites [41,42]. Van der 
Waals forces on the surface of BaTiO3 nanoparticles cause them to agglomerate which makes it 
difficult to disperse the particles into a polymer solution. In order to evenly distribute the particles 
into a precursor solution the surface can be functionalized with a surfactant to control the interface 
between the particle and the polymer [43]. The BaTiO3 particle surface can also be modified using 
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phosphonic acid to synthesize a dense, high permittivity ceramic/polymer nanocomposite [44,45]. 
Alternately, non-FE inclusions added to FE-PVDF have also shown improved pyroelectric and FE 
responses due to enhancement of the local field around the particle [46]. FE/FE nanocomposites 
containing BaTiO3 with enhanced piezoelectric and dielectric response can also be made via 
chemical processes like solvothermal synthesis [47-50]. Additionally, groups like Randall et al. 
have developed revolutionary low temperature synthesis methods for FE nanocomposites [51,52]. 
Considering the detrimental environmental implications of the high temperature requirements for 
ceramics fabrication, these low temperature methods will become more prevalent in the future. 
1.2.1 Size effects  
With the end of Moore’s Law in sight it is essential to understand the influence of size effects on 
ferroelectricity so that they may be integrated into the miniaturization of electronic applications. 
True size effects are determined by a material’s grain size, particle size, clustering and order 
effects. In bulk systems intrinsic (average directional response of a single domain crystal) and 
extrinsic (domain walls, phase boundary and defects) effects both contribute to dielectric and 
piezoelectric properties. Intrinsic size effects dictate that the FE to PE transition will shift to lower 
temperatures and the dielectric response will broaden as particle size decreases [53,54]. Extrinsic 
size effects are controlled by the density and mobility of domain walls which contribute about 60-
70 % to the dielectric constant [55]. It has been experimentally found that in BaTiO3 the dielectric 
constant increases with decreasing size until it reaches a maximum value of ~0.5- 1 µm particle 
diameter, after which as particle size continues to decrease and reach the nanometer range the 
dielectric constants falls to almost zero [56]. 
Considering size effects in bulk materials functions as a guideline for understanding size 
effects in thin films, where boundary conditions greatly affect the film properties. In films, size 
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effects are greatly affected by microstructure, Schottky barrier formation, point defects, and 
surface layer effects. Grain size in films is strongly determined by processing. For example, grain 
growth in chemical vapor deposition is columnar whereas chemical solution deposition produces 
a more three dimensional grain structure [55]. Similar to bulk, films experience a decrease in 
permittivity as thickness falls below 1 µm due to the increases number of grain boundaries. Defects 
also reduce film performance by allowing charge flow and energy dissipation which ultimately 
causes dielectric loss. Many films are grown by processes, such as sputtering, that expose the 
structure to bombardment of high energy particles which introduce defects into the films.  
Fundamentally, ferroelectricity is caused by the displacement of the B-site, center atom in 
the perovskite structure. As particle size decreases long-range Coulomb and short-range covalent 
interactions are modified. Long-range interaction is truncated, due to lack of periodicity, while 
short-range interaction is modified at surface boundaries leading to a hypothesized “critical size” 
limit for FEs [57,58]. At the critical size limit ferroelectricity vanishes and FE materials return to 
a PE, cubic phase at room temperature. Experimentally, this critical size has been found to be 15 
nm for PZT [59] and 17 nm for BaTiO3 [60]. This size limit is found to be even smaller in thin 
films. Tybell et al. have experimentally shown that for PZT thin films ferroelectricity can be 
sustained at thicknesses as low as 40 Å [61]. However, theoretical studies have questioned if a 
critical size limit exists at all. Junquera et al. have shown that in a BaTiO3 film between two 
SrRuO3 electrodes ferroelectricity is sustained in a 24 	Å  thin film (6 unit cells) before the 
depolarizing field suppresses ferroelectricity[62]. In agreement with previous experimental results, 
other theoretical studies have showed that in BaTiO3 particles, with no applied field, 
ferroelectricity is maintained in particles sizes as small as 5nm in diameter [58]. 
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 APPLICATIONS 
At higher temperatures FE materials exist in the PE, centrosymmetric phase. As the temperature 
is lowered below the Currie temperature the material undergoes a structural phase transition to a 
lower symmetry, FE phase which induces a spontaneous polarization. This spontaneous 
polarization can be switching very quickly making FEs appealing for many application, especially 
memories. For example, a reversible polarization of 10 µC/cm2 corresponds to an available charge 
for memory of 1014 electrons/cm2 [63]. Rapid polarization switching makes FE materials ideal as 
the active component in non-volatile memories. Additionally, FE/DE composites have shown 
potential for resistive switching applications. Voltage controlled resistive switching has been 
demonstrated in FE materials, making FEs compelling candidates for use as memristor 
components in ReRAM. For these applications, a large resistance change is achieved by applying 
controlled, pulsed voltages to set the device in an ON or OFF resistance state. In FE tunnel 
junctions this behavior originates from the FE polarization switching which indicates variations in 
the tunnel resistance [9,64]. In non-polar metal oxides, the typical mechanism that drives the 
resistive switching phenomena can be either unipolar (conductive filament model) or bipolar 
(trapped charge model) [65]. The lack of precise control over intermediate switching behavior 
hinders FEs from practical memristor applications, however inhomogeneous polarization 
switching has recently been demonstrated FE nanosynapse [66]. Additionally, other groups have 
shown that in BaTiO3/La0.67Sr0.33MnO3 films intermediate resistance states can be accessed via FE 
domain wall motion that is realized by partial domain switching[9]. 
FEs offer many potential applications but are still underactive development for several reasons: 
1. The complexity of the microscopic state and the difficulty in preparing and discovering the 
material. 
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2. The delay between conception of device and production of material has been too great. 
3. The demands made on FEs were premature. 
However, FEs are used in many applications and continue to be research for use in many 
innovative applications. A summary of these is provided in Table 1-1 
Table 1-1: Summary of Ferroelectric Applications 
Property Application 
Dielectric 
Microwave communication (terrestrial, satellite) 






Uncooled thermal imaging 
Infrared sensors 
Thermal and photovoltaic applications 
Solid state cooling 
Pyroelectric electron emitters 
Pyroelectric energy conversion systems 







 THESIS OBJECTIVES 
Figure 1-1 graphically describes the three main objectives of the thesis; to (1) theoretically and (2) 
experimentally probe bilayer thin films composites and (3) realize a 3-dimensional FE/DE 
geometry.  
 
Figure 1-1: (a) Bilayer schematic, (b) Bilayer SEM, (c) HRTEM of nanoparticle film 
Nanocomposites that are made up of a FE material embedded in a non-FE matrix are a potential 
method to improve performance in tunable dielectrics and non-volatile memory devices. Energy 
storage and memory devices experience dielectric loss due to the intrinsic properties of FE 
materials. Creating composites with small FE particles within a matrix, where the behavior of the 
FE is altered due to the interaction with the matrix environment, is a prospective method to 
improve properties such as loss leakage and fatigue, while maintaining high standard dielectric 
properties. Different choices for the surrounding matrix include polymers, ferromagnets, and 
oxides. FE- polymer and metal-DE composites have already been explored [42]. However, not 
much research had been done to explore a ceramic/ceramic based composites. For this work a 
ceramic matrix was chosen as the embedding medium for a ceramic FE in order to fabricate a 
device that can be readily integrated into a high temperature ceramic synthesis process. 
 11 
Even with a better fundamental understanding of the physics of FE composite materials, 
another challenge is synthesizing composites where structure, properties, and dimensions are 
selectively controlled to produce an optimized system for desired applications in a facile and cost 
effective manner. The objective of this work is to use thermodynamic modelling results to design 
a method to synthesize FE nanocomposites while selectively controlling their functionality. This 
dissertation will use both experimental and computational methods to explore the behavior of FE 
nanocomposites as a function of size and shape of the FE, chemical composition of the FE and the 




2. SYMMETRY AND PROPERTIES 
 SYMMETRY AND CRYSTAL STRUCTURE 
Ferroelectricity is a property of materials that have a spontaneous polarization that is reversible by 
applying a field that is less than the breakdown field. The ferroelectric phenomena stems from the 
crystal structure of the material. Most ferroelectrics exhibit a perovskite structure (ABO3) where 
the A atom occupies the corners, the oxygen (O) atom occupies the faces and the B atom is a metal 
cation that occupies the body center position in a 6-fold coordination as shown in Figure 2-1. The 
coordination, relative size and location of each atom is summarized in Table 2-1.  
 
Figure 2-1: Perovskite Structure (ABO3) 
Crystal geometries are classified into one of seven crystal systems: triclinic (lowest 
symmetry) monoclinic, orthorhombic, tetragonal, trigonal, hexagonal and cubic (highest 
symmetry). These can be further classified into 32 crystallographic point groups (crystal classes), 
11 of which possess a center of symmetry. All, except 1 of the remaining 21 classes exhibit an 
electrical polarization in response to stress. These are shown in bold font in Table 2-2. This 
reversible, linear response is defined as the piezoelectric effect. There are 20 piezoelectric groups. 
10 of which exhibit a unique polar axis that can be spontaneously polarized, making them 
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pyroelectric. Therefore, all pyroelectric materials are also piezoelectric but not vice-versa. The 
point groups that correspond to pyroelectric materials are highlighted in bold, red font in Table 
2-2. Among pyroelectric materials those that possess a spontaneous polarization that can be 
switched by an applied external electric field are classified as ferroelectric materials are both 
piezoelectric and pyroelectric. 
Table 2-1: Coordination of atoms in perovskite structure 
Atom Coordination Relative Size Location  Geometry 
A 12- fold Larger Corners (0,0,0) Cuboctahedral 
B 6- fold Smaller Body Center (½, ½, ½) Octahedral 
O  Oxygen Face center (½,½, 0)  
 
Table 2-2: Crystal Class Systems 
Crystal System 32 Crystallographic Point Groups 
Triclinic 1 -1      
Monoclinic 2 M 2/m     
Orthorhombic 222 mm2 mmm     
Tetragonal 4 -4 4/m 422 4mm -42m 4/mmm 
Trigonal/Rhombohederal 3 -3 32 3m -3m   
Hexagonal 6 -6 6/m 622 6mm -62m 6/mmm 
Cubic 23 m-3 432 -43m m-3m   
 MATERIAL SYSTEMS 
2.2.1 Barium Titanate 
Barium titanate (BaTiO3) is among the most commonly studied and used materials for 
ferroelectric and dielectric applications. BaTiO3 is a ceramic oxide with a perovskite structure 
ABO3 (Figure 2-1). At room temperature the crystal structure is tetragonal (P4mm) and undergoes 
a tetragonal to cubic (Pm-3m) phase transition at 120°C [13].  At lower temperatures the structure 
undergoes a phase transition from orthorhombic (Amm2) to rhombohedral (R3m) as shown in 
Figure 2-2. In the tetragonal structure the center titanium cation can be displaced along the c-axis 
 14 
inducing a switchable polarization within the ferroelectric structure. The existence of this 
switchable polarization and ease with which the titanium atom can be displaced to an energetically 
equivalent state dictates the behavior of the ferroelectric crystal. 
 
Figure 2-2: BaTiO3 Phases 
 In its pure form BaTiO3 is an insulating ceramic ferroelectric with high dielectric constant 
(as high as 7,000) rendering BaTiO3 prolifically utilized in capacitors. As a piezoelectric it is used 
in microphones and other transducers. Its ferroelectric and pyroelectric properties are used in 
uncooled sensors and thermal cameras. BaTiO3 single crystals are used in nonlinear optics because 
they exhibit high beam-coupling gain and can operate at near IR and visible wavelengths [67]. 
BaTiO3 can also behave as a semiconductor ferroelectric with the addition of dopants such as 
rhodium [68]. Table 2-3 summarizes the properties of ceramic BaTiO3. 
Table 2-3: Summary of BaTiO3 properties [69,70] 
Electrical Properties 
Dielectric constant 1000-5000 
Band Gap 3.2 eV 
Thermal Properties 
Specific Heat 0.527	𝐽/𝑔 · 𝐾 




Melting Point 1625 °C 
Optical Properties 
Refractive Index (@589 nm) 1.65 
2.2.2 Lead Zirconate Titanate 
Lead zirconate titanate (Pb[ZrxTi1-x]O3 or PZT) is a well-understood ferroelectric ceramic. 
PZT is an alloy of lead zirconate (PbZrO3) and lead titanate (PbTiO3). At room temperature PbZrO3 
is antiferroelectric and orthorhombic. PbTiO3 is ferroelectric in nature and tetragonal in structure. 
Combining PbTiO3 and PbZrO3 in different molar ratios yids PZT% with tunable dielectric and 
piezoelectric response. PZT is a technologically important piezoelectric due to its enhanced 
electrochemical properties. Its piezoelectric properties are only exceeded by single-crystal 
piezoelectrics [71]. A high dielectric and piezoelectric constant make PZT commonly in devices 
such as actuators, sensors, transducers and capacitors. PZT is also described by the perovskite 
structure, Figure 2-1.  
The crystal symmetry of PZT depends both on temperature and composition of Zr/Ti. 
Above the Curie temperature (𝑇7) PZT is paraelectric with a cubic lattice (Pm-3m). Aside from 
the high temperature paraelectric phase, PZT can also exist in the ferroelectric rhombohedral 
(R3m) and ferroelectric tetragonal (P4mm) phases, depending on the Currie temperature and 
composition (Figure 2-3). PZT exhibits a high and low temperature rhombohedral phase where the 
low temperature  phase is characterized by torsional rotations within the oxygen octahedral in the 
PZT polymorph [71]. PZT is also antiferroelectric (AFE) in the Zr-rich phase which is 
characterized by antiparallel domain orientation at 0 V. At the morphotropic phase boundary 
(MPB) which occurs approximately at the 52/48 phase composition there is a diffusion of the 




Figure 2-3: PZT Phase Diagram (adapted from [72]) 
Electronic Structure 
The electron configurations of the elements in PZT are given in Table 2-4. Zr and Ti have the same 
outer shell configurations allowing them to be interchangeable in the center atom of PZT. 
Table 2-4: Electron Configuration and Electronegativity of atoms in PZT 
Element Electron Configuration Electronegativity 
O (8) [He]2s22p4 3.44 
Ti (22) [Ar]3d24s2 1.62 
Zr (40) [Kr]4d25s2 1.33 
Pb (82) [Xe] 4f145d106s26p2 1.87 
 
Considering the electron configurations and Pauling electronegativity, the ionic character can be 
calculated from the following equation: 
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𝑓 = 1 − 𝑒𝑥𝑝 −0.25 𝐸a 𝑃 − 𝐸b 𝑃  (2-1) 
The ionic character for the bonds in PZT ranges from 0.46 to 0.67 as specified by Table 2-5.This 
is mixed ionic and covalent bonding is what is expected of metallic oxide structure. 
Table 2-5: Fraction Ionic Character for bonds in PC 





Electron Configuration during Phase change 
During the asymmetric distortion from the cubic to tetragonal Pb shifts off center. Four of the six 
Pb-O bonds are shortened and the other two are lengthened. The B cation (Zr or Ti) also shifts in 
the c-direction and will create one short B-O bond and one longer bond. This shortening of the Pb-
O bond is driven by the mixing of the Pb 6s, 6p orbitals and the O 2p orbital leading to the 
formation of a lone pair of electrons [73]. The off centering of the B site cation is also driven by 
the hybridization of the O 2p orbital and the d orbitals of the B cation. This hybridization reduces 
the overlap repulsion allowing the formation of the shorter B-O bond [71]. 
 TENSOR PROPERTIES 
2.3.1 Dielectric Permittivity 
For a linear, dielectric material the polarization, 𝑃0, (C/m2) induced by an applied electric field, 𝐸0, 
(V/m) is expressed by the following equation, where 𝜒03 (F/m) is the dielectric susceptibility. 
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𝑃0 = 𝜒03𝐸3 (2-2) 
The total surface charge density induced by an applied field is given by the dielectric displacement, 𝐷0, (C/m2) where 𝜀6is the vacuum permittivity (𝜀6 = 8.854𝑥10fB)F/m). 
𝐷0 = 𝜀6𝐸0 + 𝑃0 (2-3) 
From Equations (2-2) and (2-3) it follows that: 
𝐷0 = 𝜀6𝐸0 + 𝜒03𝐸3 = 𝜀6𝛿03𝐸3 + 𝜒03𝐸3 = 𝜀6𝛿03 + 𝜒03 𝐸3 = 𝜀03𝐸3 (2-4) 
where 𝜀03 (F/m) is the dielectric permittivity of the material and 𝛿03 is the Kronecker delta (for 
which: 𝛿03 = 1  for 𝑖 = 𝑗  and 𝛿03 = 0  for 𝑖 ≠ 𝑗 ). The dielectric permittivity of a material is a 
measure of how easily a material will allow charge to flow. The dielectric constant or relative 
permittivity, 𝑘03, (unit less) is the ratio of the dielectric to vacuum permittivity. 
2.3.2 Elastic Compliance and Stiffness 
The linear relationship between stress, 𝑋03 , (N/m2) and strain, 𝑥03 , (unit less) is described by 
Hooke’s Law, where 𝑠032@(m2/N) is the elastic compliance  
𝑥03 = 𝑠032@𝑋2@ (2-5) 
Similarly, the elastic stiffness, 𝑐032@, (N/m2) is defined by the inverse relationship: 
𝑋03 = 𝑐032@𝑥2@ (2-6) 
Dielectric permittivity is both frequency and temperature dependent. Different frequencies 
access different polarization mechanisms that contribute to the total polarization as shown in 
Figure 2-4. There are four kinds of polarization mechanisms, in order of lowest to highest 
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frequency: interfacial/space charge, orientational, ionic and electronic. Interfacial and space charge 
polarization stems from grain and phase boundaries that may become charged and contribute to 
the polarization. Orientational polarization occurs in materials that contain dipoles (such as the 
water) that can rotate freely. At thermal equilibrium the dipoles are randomly oriented and there is 
no net polarization. When a field is applied the dipoles align themselves (relatively slowly) 
inducing a net polarization in the material. Ionic polarization occurs in materials with ionic 
character. When an external field is applied the charged atoms move away from one another 
inducing a polarization. Electronic polarization occurs when an electric field is applied and the 
electron cloud distorts and moves away from the positively charge nucleus. 
 
Figure 2-4: Permittivity versus Frequency relationship highlighting the different contributions to 
the polarization [74] 
2.3.3 Piezoelectricity 
Piezoelectric materials have a polarization response to an applied mechanical stress. The 
piezoelectric effect is the linear relationship between stress and dielectric displacement: 
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𝐷0 = 𝑑032𝑋32 (2-7) 
where 𝑑032 (C/N) is the piezoelectric coefficient which is specific to each material and depends on 
crystal symmetry. The converse piezoelectric effect describes the induced strain in a material in 
response to an applied electric field, where 𝑒230 (m/V) is the converse pyroelectric coefficient 
𝑥03 = 𝑒230𝐸2 (2-8) 
The piezoelectric coefficient can have a positive or negative response depending on the direction 
of the applied mechanical stress or electric field. Similar to the piezoelectric effect, electrostriction, 𝑄032@ , (m4/C2) is the effect where the application of a field produces a strain but the strain is 
unchanged upon reversal of a field. Electrostriction is a quadratic effect that occurs naturally in all 
substances (crystalline or not). 
2.3.4 Pyroelectricity  
Pyroelectric materials exhibit a spontaneous polarization, 𝑃N, (C/m2) in the absence of an electric 
field. The pyroelectric effect is a measure of the change in polarization in response to a 
temperature, T, (K) change, where 𝑝0 (C/m2K) is the pyroelectric coefficient: 
𝜕𝑃N,0 = 𝑝0𝜕𝑇 (2-9) 
The pyroelectric coefficient is made up of several contributing effects. These include the primary, 
secondary, extrinsic, field induced, tertiary, and parasitic contributions which are summarized in 
Table 2-6. The primary pyroelectric coefficient is the direct temperature dependent polarization 
change. The secondary pyroelectric effect is due to piezoelectric effects induced by thermal 
expansion. The extrinsic contributions are related to secondary pyroelectric effect and are driven 
by domains reorientation. The field induced contribution is defined as the temperature dependence 
of the dielectric constant at constant strain 𝑝mn = 𝜀6𝐸0 o2pqor s . Tertiary effects are related to the 
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flexoelectric effect and arise due to the surface charge created form a strain gradient (𝜕𝑥03 𝜕𝑦0) 
due to a non-uniform temperature change 𝑝r = otpquv wxpqwypor . The flexoelectric tensor, 𝜇032@, (C/m) 
describes the spontaneous polarization induced by a strain gradient. This effect is usually 
negligible. Parasitic contributions stem from leakage mechanisms[75]. 




Convention Indirect Direct LD Theory 
Primary (-) Yes Yes Yes 
Secondary (+) Yes Yes Yes 
Extrinsic (+) No Yes No 
Field Induced (+) No Yes Yes 
Tertiary (+/-) No Yes No 
Parasitic (+) Yes No No 
Domain Fraction N/A Mono-domain Poly-domain Mono-domain 
 THERMODYNAMICS 
2.4.1 Equations of State 
A ferroelectric system can always be described by three independent variables chosen from the 
following pairs: temperature (𝑇)/entropy (𝑆), stress (Χ0)/strain (𝑥0), and electric field (𝐸0)/dielectric 
displacement (𝐷0). These independent variables can be arranged in eight ways, or thermodynamic 
potentials which are delineated in Table 2-7 
Table 2-7: List of thermodynamic potentials [63] 
Thermodynamic Potential Equation 
Internal Energy 𝑑𝑈 = 𝑇𝑑𝑆 + 𝑋0𝑑𝑥0 + 𝐸0𝑑𝐷0 
Helmholtz free energy 𝑑𝐴 = −𝑆𝑑𝑇 + 𝑋0𝑑𝑥0 + 𝐸0𝑑𝐷0 
Enthalpy 𝑑𝐻 = 𝑇𝑑𝑆 − 𝑥0𝑑𝑋0 − 𝐷0𝑑𝐸0 
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Elastic enthalpy 𝑑𝐻B = 𝑇𝑑𝑆 + 𝑥0𝑑𝑋0 + 𝐸0𝑑𝐷0 
Electric enthalpy 𝑑𝐻) = 𝑇𝑑𝑆 + 𝑋0𝑑𝑥0 + 𝐸0𝑑𝐷0 
Gibbs free energy 𝑑𝐺 = −𝑆𝑑𝑇 − 𝑥0𝑑𝑋0 − 𝐷0𝑑𝐸0 
Elastic Gibbs energy 𝑑𝐺B = −𝑆𝑑𝑇 − 𝑥0𝑑𝑋0 + 𝐸0𝑑𝐷0 
Electric Gibbs energy 𝑑𝐺) = −𝑆𝑑𝑇 + 𝑋0𝑑𝑥0 − 𝐷0𝑑𝐸0 
 
If temperature, stress and electric field are taken as the independent variables, a 
ferroelectric system is then descried by the elastic Gibbs free energy (𝐺B) using the following 
differential equation: 
𝑑𝐺B = −𝑆𝑑𝑇 − 𝑥0𝑑𝛸0 − 𝐷0𝑑𝐸0 (2-10) 
It is convenient to describe the Gibbs free energy in this way because polarization (or dielectric 
displacement) is the order parameter used to describe ferroelectric phase transitions. Also, it is 
feasible to experimentally control 𝑇, Χ, and 𝐸. It is then possible to calculate 𝑆, 𝑥0 , and 𝐷0  as 
follows: 
−𝑆 = 𝜕𝐺B𝜕𝑇 ~, ,						− 𝑥0 = 𝜕𝐺B𝜕𝛸0 r, ,						− 𝐷0 = 𝜕𝐺B𝜕𝐸0 r,~	 (2-11) 
These equations respectively describe the caloric, elastic and dielectric equations of state. The 
linear differential of these takes the following forms: 
𝑑𝑆 = 𝜕𝑆𝜕𝑇 ~, 𝑑𝑇 + 𝜕𝑆𝜕𝛸0 r, 𝑑𝛸0 + 𝜕𝑆𝜕𝐸0 r,b 𝑑𝐸0 (2-12) 
𝑑𝑥0 = 𝜕𝑥0𝜕𝑇 ~, 𝑑𝑇 + 𝜕𝑥0𝜕𝛸0 r, 𝑑𝛸0 + 𝜕𝑥0𝜕𝐸0 r,b 𝑑𝐸0 (2-13) 
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𝑑𝐷0 = 𝜕𝐷0𝜕𝑇 ~, 𝑑𝑇 + 𝜕𝐷0𝜕𝛸0 r, 𝑑𝛸0 + 𝜕𝐷0𝜕𝐸0 r,b 𝑑𝐸0 (2-14) 
The coefficients in these equations are called compliances and provide a measure for coupling 
between fields. These compliances are also deduced from Maxell relations that arise from each 
thermodynamic potential. The most commonly used ones are delineated in Table 2-8. 
Table 2-8: Summary of compliances derived from linear equations of state[63] 
Compliance Abbreviation Tensor rank Units 
Dielectric permittivity 𝜀03 2 𝐹 𝑚 
Piezoelectric 𝑑032 3 𝐶 𝑁 
Converse piezoelectric 	𝑒230 3 𝑚 𝑉 
Pyroelectric 𝑝0 1 𝐶 𝑚)𝐾 
Elastic stiffness 𝑐032@ 4 𝑁 𝑚) 
Elastic compliance 𝑆032@ 4 𝑚) 𝑁 
 PHENOMENOLOGY 
If 𝐷0 is taken as the order parameter and assuming a field is applied only one crystallographic 
direction (𝐷0 = 𝐷) the free energy can be expressed as a polynomial expanded as a power series, 𝐹 = 𝐹6 + B 𝛼𝜓 , where truncating the expansion after the 6th order gives the following 
expression: 
𝐺B = 𝛼2 𝐷) + 𝛾4 𝐷F + 𝛿6 𝐷 (2-15) 
Assuming 𝛾  and 𝛿  are not temperature dependent examples of first and second order phase 
transitions can be described.  
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2.5.1 2nd Order Phase Transition 
In a paraelectric to ferroelectric phase transition the material goes from a higher to lower symmetry 
phase below the Currie temperature, 𝑇7 , (K). The Gibbs free energy for a second order phase 
transition is shown in Figure 2-5 (a). When the value of 𝛼 > 0 (above 𝑇7) the free energy goes 
through a minima at zero field. When the value of 𝛼 < 0 (below 𝑇7) the free energy goes through 
a double minima where oo: r = 0  which is also equilibrium value for 𝑃N . The spontaneous 
polarization undergoes a continuous transition when 𝛼 > 0 at 𝑇7  in Figure 2-5 (b). Additionally 𝛼 
depends on temperature, 𝛼 = 𝛽 𝑇 − 𝑇7 , where 𝛽 is positive.  
 
Figure 2-5: Gibbs free energy, polarization vs. temperature and dielectric response vs 
temperature for a 2nd order phase transition [63] 
2.5.2 1st Order Phase Transitions 
1st order phase transitions are characterized by a discontinuous change in the polarization vs 
temperature response. For negative values of 𝛽 the Gibbs free energy is shown in Figure 2-6 (a). 
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Figure 2-6: Gibbs free energy, polarization vs. temperature and dielectric response vs 
temperature for a 1st order phase transition [63] 
 FERROELECTRIC PROPERTIES 
Ferroelectric materials undergo a structural transition from a high temperature, high symmetry 
paraelectric phase to a low temperature, low symmetry ferroelectric phase at the Curie temperature. 
The Curie-Weiss law describes the relationship of the dielectric permittivity with temperature in 
the following equation: 
𝜀 = 𝜀6 + 𝐶𝑇 − 𝑇6 (2-16) 
Where 𝐶 (K) is the Curie constant and 𝑇6 (K) is the Curie-Weiss temperature. The ferroelectric to 
paraelectric transition is usually accompanied by an anomaly in materials properties such as 
dielectric constant, elastic and thermal properties along with a change in crystal lattice consent. 






When a ferroelectric material becomes polarized, unless it is a single crystal, it will form uniform 
regions of charge that are called domains. Domains are separated by domain walls which can form 
at either 180° or 90° with respect to one another as shown in Figure 2-7 
 
Figure 2-7: Figure of 180° and 90° domain walls 
Domain walls form either as a means of minimizing the electrostatic energy associated 
with depolarizing fields or due to mechanical stresses induced in the film formed during the 
paraelectric-ferroelectric phase transition [76]. When a spontaneous polarization is formed within 
a ferroelectric material a charge is formed at the interface which produces an electric field called 
a depolarizing field, 𝐸:, (𝑉/𝑚). The depolarizing field is generated due to the net polarization 
approaching zero that the sample boundary and is in the opposite direction of the spontaneous 
polarization. The depolarizing field can be compensated either by the formation of domains or by 
external electrical conduction via metal electrode [76].  
 Formation of domains also occurs in response to mechanical stress induced during the 
phase transition. For example, if a PbTiO3 film on a (100) oriented silicon wafer is cooled through 
a paraelectric to ferroelectric phase transition it will be under compression which will cause 
domains to form perpendicular to the stress in order to compensate for the stress induced by the 
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substrate. As a result, minimizing the electrostatic and mechanical stresses produces a complex 
mixture of 180° and 90° domains. 
2.6.1 Ferroelectric Polarization Switching 
Ferroelectric materials have the unique characteristic of undergoing a nonlinear, hysteretic 
polarization response to an applied electric field. The polarization-electric field relationship is 
shown in Figure 2-8.  
 
Figure 2-8: Ferroelectric hysteresis loop 
Polarization is measured by applying an AC bias and measuring the current response. In a virgin 
sample the net polarization will be zero before a field is applied. When a small AC voltage is 
applied to the sample the domains begin to orient themselves (by nucleation) in the direction of 
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the applied field (segment a-b in Figure 2-8). These segments also correspond to the lowest free 
energy at the equilibrium conditions. As a higher field is applied the growth of the oriented 
domains propagates until most domains are aligned with the field (segment b) with an eventual 
linear response (saturation). Saturation polarization (𝑃N) is reached once all switching has taken 
place in one directions. When the direction of the applied field is switched the domains will begin 
to nucleate and grow in the opposite direction (segment b-c). The crystal maintains some 
“memory” of the previous polarization state and will exhibit a remnant polarization, (𝑃<). The field 
continues to be applied until polarization saturates in the opposite direction (segment d). The 
coercive field (±𝐸7) is how much voltage is required to initiate domains switching.  
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3. MATERIALS SYNTHESIS AND CHARACTERIZATION 
 THIN FILM DEPOSITION 
Thin film deposition techniques take the form of both chemical and physical deposition. Chemical 
deposition involves a precursor undergoing a chemical reaction at the substrate surface creating a 
conformal solid layer. Methods include chemical solution deposition, chemical vapor deposition, 
and Langmuir-Blodgett method. Physical deposition techniques involve mechanical or 
electromechanical approach to deposit a thin film on a substrate that adheres directionally rather 
than conformably onto the substrate. Physical deposition techniques include physical vapor 
deposition, molecular beam epitaxy and electrospray deposition.  
 Deposition techniques for ferroelectric thin films depends on the desired film composition, 
the substrate of choice and equipment availability. Common techniques used include chemical 
solution deposition and pulsed laser deposition. Chemical solution deposition inexpensively 
produces films with high control over composition stoichiometry. Pulsed laser deposition allows 
epitaxial film growth. It is also possible to achieve epitaxial deposition of PZT by sputtering 
deposition [77,78]. Currently, some groups are attempting to realize PZT growth using atomic 
layer deposition. The remainder of this section will summarize the aforementioned techniques, 
while emphasizing techniques used for ferroelectric thin film deposition. It should be noted that 
there is detailed mathematics and physics that completely describe the following techniques, 
however these details are beyond the scope of this thesis.  
3.1.1 Chemical Solution Deposition 
Chemical solution deposition uses a liquid precursor that is made up of dissolved metal salts in an 
organic solvent. It is sometimes referred to as “sol-gel” where “sol” refers to the metal-organic 
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precursor solution and “gel” refers to the gel formed after spin-coating. Figure 3-1 describes a 
typical chemical solution deposition process. 
 
Figure 3-1: Typical chemical solution deposition process 
The metal-organic precursor is deposited onto a substrate. The substrate is then spun 
rapidly in a spin-coating tool. The thickness of the resulting film is determined by the viscosity 
and density of the precursor along with the spin rate. The relationship between these variables is 
described by Equation (3-1), where ℎ (m) is the film thickness, 𝜂 (𝑘𝑔/𝑚 · 𝑠) is the precursor 
viscosity, 𝜌  (𝑘𝑔/𝑚9 )is the precursor density, 𝑡 (s) is time and 𝜔  (𝑘𝑔 · 𝑚)/𝑠 ) is the angular 
momentum [79]. 
ℎ 𝑡 = ℎ6/ 1 = 4𝜌𝜔)ℎ6)𝑡/3𝜂 B/) (3-1) 
 Evaporation of the organic solvent begins during the spinning process and is further driven 
by pyrolysis. Crystallization is achieved by sintering at high temperatures which can be done 
slowly or quickly. Conventionally, to crystallize the film it is slowly brought up to the 
crystallization temperature and maintained at that temperature for some time. The film can also be 
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crystallized by rapid thermal annealing (RTA) where the film is quickly heated for only a few 
seconds to achieve crystallinity. This process is repeated as necessary (Figure 3-1) to achieve the 
desired film thickness. 
 Chemical solution deposition is one of the most common and reliable techniques used for 
PZT thin film deposition. Controlling the texture/orientation of the PZT will produce films with 
improved properties. For example, highly 001  oriented PZT will exhibit improved piezoelectric 
properties [80]. PZT grows in the preferred 001  orientation on 111 	Pt. Sanchez et al. have 
optimized a chemical solution process that not only allows for stoichiometric but also texture 
control of the PZT film. It was found that a thin layer of rutile TiO2 orients the Pt in the 111  
direction and simultaneously orients the PZT in the 001  direction [80]. The following 
experimental method is adapted from Sanchez et al. and is the same process that is used at the 
Army Research Laboratory to fabricate the PZT samples used for the experiments in this thesis.  
Experimental method: 
A 150 mm diameter (100) p-silicon (Si) wafer was coated with 500 nm of thermally grown silicon 
dioxide, SiO2, using a Tystar 8300 furnace. A 30 nm layer of titanium, Ti, was sputter deposited 
at room temperature (Unaxis Clusterline 200) and then annealed in O2 at 750 °C (Tystar 8300) to 
yield TiO2. TiO2 functions as the seed layer for 111  Pt nucleation. 100 nm Pt was then sputtered 
deposited (Unaxis Clusterline 200). The chemical solution deposition of PZT begins with a PbTiO3 
seed layer that helps nucleate the PZT growth. A 30% lead excess PbTiO3 film is prepared by 
mixing lead (II) acetate trihydrate with 2-methoxyethanol. The mixture is then refluxed and 
vacuum distilled, details on which are provided in reference [80]. The PZT solution is prepared in 
similar fashion by adding zirconium (IV) n-proproxide and titanium (IV) isopropoxide to the lead 
(II) acetate trihydrate and 2-methoxyethanol mixture. The PbTiO3 and PZT layers are deposited 
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onto a wafer, spun, pyrolized and annealed as shown in Figure 3-1. A single layer of PbTiO3 (~170 
Å) was deposited on the platinized Si substrate. The substrate is spun on a Bidtec SP100 spin 
coater at 3000 rpm for 45 seconds. The wafer is then pyrolized (Wentworth Laboratories vacuum 
hotplate) at 350 °C for 2 minutes. The film is then annealed by RTA (AG Associates Heatpulse 
610 RTA) at 700 °C for 60 seconds.  The PZT is deposited by the same process as the PbTiO3 layer 
with the exception that it is spun at 2500 rpm for 45 seconds to achieve a ~600 Å thick layer. The 
deposit →spin →pyrolize →anneal process is repeated until the desired PZT thickness is achieved.  
3.1.2 Chemical Vapor Deposition 
Chemical vapor deposition is a thin film deposition technique that uses volatile precursors that 
react with other gasses to form a nonvolatile solid on a substrate in atomically thick layers. This 
method produces precisely controlled, high quality crystalline films that can easily be doped. 
Atomic layer deposition (ALD) is a chemical vapor deposition technique that uses sequential gas 
phase reactions at the substrate surface to deposit a thin film. ALD was developed in the 1970’s, 
under the name of atomic layer epitaxy, for fabrication of electroluminescent flat panel displays 
and II-V compounds [81,82]. Interest in ALD was revived again in the 1990’s when the 
semiconductor industry became interested in microfabrication of high aspect ratio electronic 
circuits [83,84]. 
ALD uses two gas phase precursors that sequentially react at the surface in a self-limiting 
manner to deposit one atomically thick layer at a time as shown in Figure 3-2. The process is as 
follows: a precursor enters the reaction chamber and uniformly coats the surface of the substrate. 
When the precursor has adsorbed onto the substrate any excess gas is purged from the chamber. 
An oxidizer is then introduced into the chamber to react with the functionalized precursor layer to 
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form an atomically thick layer film. The process continues until the desired thickness is achieved.
 
Figure 3-2: Schematic of ALD process 
ALD is commonly used in the semiconductor industry to conformally deposit metal oxides 
with precise control of composition and thickness at low temperatures [85]. Extending the use of 
ALD to deposit complex metal oxides, such as PZT, has proven challenging. However, as early as 
2007 some groups have begun optimizing the ALD technique for deposition of PbTiO3 thin films 
[86]. More recently, optimization of ferroelectric PZT has been achieved by controlling the 
stoichiometry, incubation period and precursor chemistry [87-89]. Experiments in Chapters 5 and 
6 of this thesis use the ALD technique to deposit HfO2.  
Experimental for ALD Deposition: 
HfO2 was deposited on each substrate at 200 °C by ALD using a Kurt J. Lesker Company ALD-
150LX instrument. Demineralized water was used as the oxygen precursor and tetrakis 
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(dimethylamido) hafnium (IV) (TDMAH) as the hafnium precursor. TDMAH was treated to 82 
°C, pulsed from a vapor-draw style source for 0.25 seconds followed by a 5 second purge. The 
demineralized water was treated at room temperature and pulsed for 0.3 seconds from a vapor-
draw style source followed by a 10 second purge. The number of cycles is used to determine the 
thickness of the deposited film.  
3.1.3 Physical Deposition Techniques 
3.1.3.1 Physical Vapor Deposition 
Physical vapor deposition encompasses both evaporation and sputtering deposition. The technique 
relies on either thermal or entropic methods to prepare a material for deposition onto a substrate. 
Physical vapor deposition differs from chemical vapor deposition in the following ways: it relies 
on a solid precursor rather than a gas phase, the reduced pressure environment aids in transport of 
atoms onto the substrate and there are no chemical reactions involved to produce the film. The two 
primary methods of physical vapor deposition used the experiments in this thesis are evaporation 
and sputtering. 
Evaporation 
Evaporation deposition involves resistively heating the material source to evaporate or sublimate 
the material as shown in Figure 3-3. This process is accomplished in a vacuum in order to reduce 
the mean free path of the gaseous particles. The substrate is at a lower temperature than the gaseous 
material so that when contact is made the material condenses and deposits onto the substrate. It is 
also possible to use an electron beam to vaporize the source material as is done in electron beam 
evaporation. Evaporation is especially useful for deposition of pure and alloyed metal electrodes.  
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Figure 3-3: Schematic of Evaporation Deposition 
Pulsed laser deposition 
Pulsed laser deposition (PLD) is a form of evaporation that is also a physical vapor deposition 
technique that uses a laser to ablate the source material and create a plasma. The plasma expands 
towards the substrate due to coulomb repulsion away from the target. The shape and density of the 
plasma plume depends on the pressure of the chamber. Once in contact with the substrate the 
ablated material nucleates and grows into a thick film. PLD is capable of producing highly 
stoichimetrically controlled ferroelectric thin films. It is especially appealing for novel material 
systems because targets of any desired composition can be synthesized by solid state routes and 
then used as the source to deposit in film form.  
Sputtering 
Sputtering is a physical vapor deposition technique that uses ions or plasma to bombard the surface 
to the target material. Upon impact the sputtered particles can either adsorbed or scattered from 
the surface. The particles then deposit on the substrate surface. Traditionally, an argon plasma is 
used to bombard the target surface and free neutral particles as shown in Figure 3-4. Argon is 
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chosen as the sputter gas because it is inert and unlikely to react with the target. The target surface 
can also be bombarded by an ion beam that is generated from an ion source. Historically DC (also 
known as diode or cathodic) sputtering was common used for sputtering, however it is no longer 
useful because of slow deposition speeds and issues with thin insulating layers that form on the 
target further reducing deposition rates [90]. Magnetron sputtering uses a magnetic field to control 
the how far the plasma is from the target. RF (or AC) sputtering is now commonly used to avoid 
charge buildup on an insulating target. The anode-cathode bias is varied at a high frequency (13.56 
MHz) [90] to successfully produce highly insulating films. Sputtering deposition works with 
metals, semiconductors, oxides, nitrides, etc. 
 
Figure 3-4: Schematic of Sputtering Deposition 
 Thin films can also be made by reactive sputtering. In reactive sputtering the sputtered 
particles undergo a chemical reaction with a gas in the chamber, usually oxygen or nitrogen, to 
form a thin film that is different from the original target. This is the case for reactively sputtered 
PZT films. A 52% lead and 48% zirconium target is sputtered in an oxygen rich environment and 
then treated at high temperatures to produce a stoichiometric PZT thin film. For the experiments 
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in this thesis the top and bottom electrodes were deposited by magnetron sputtering using a Unaxis 
Clusterline 200 deposition tool.  
3.1.3.2 Electrospray Deposition 
Electrohydrodynamic deposition, or electrospray deposition, is a nonconventional method to 
produce thin films. Electrospray is an aerosol technique to make dry deposit of nanoparticles. A 
liquid solution, consisting of an emulsion of nanoparticles is pushed through an emitter (capillary) 
at a constant flow. An electric field is created by wiring the liquid to a high voltage that transforms 
the meniscus to a Taylor cone as shown in Figure 3-5. The liquid emerges from the emitter as a 
stable spray. The charged particles then deposit onto a substrate due to the voltage difference 
between the emitter and the substrate. The diameter of the deposit can be controlled by changing 
the voltage difference. The experiment in chapters 6 of this thesis use the ALD technique to deposit 
HfO2. Experimental details for these depositions are as follows: A 1% wt/wt solution of BaTiO3 
nanoparticles (Inframat Advanced MaterialsTM) in ethanol was ultra-sonicated for 30 minutes to 
reduce agglomeration and create a solution of suspended particles. A liquid solution is pushed 
through a capillary at a constant flow rate. The liquid is wired to an electric field so that it 
aerosolizes into a jet spray of charged droplets that are then deposited onto a charged substrate. 
The thickness of the deposited film is controlled by the deposition time. Once deposited, the 




Figure 3-5: Schematic of Electrospray Deposition 
Auxillary Techniques 
Photolithography is a microfabrication process used to pattern thin films. Light is used to transfer 
a pattern from a photomask onto photoresist that is then chemically treated to embed the pattern 
into the film. This technique was used to pattern the top electrodes on the capacitors used to collect 
data for this thesis. Experimental details are as follows. 
1. Lithograpy Procedure 
This method uses positive resist to transfer the image on a mask template onto a wafer. The 
substrate was covered with hexamethyldisilazane (HMDS, Sigma-Aldrich) and pre-spun at 500 
RPM for 5 seconds followed by 2000 RPM for 40 seconds. HMDS improves the adhesion of 
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photoresist onto the wafer. Photoresist AZ 5214 (MicroChemicals) was then pre-spun at 500 RPM 
for 5 seconds followed by 2000 RPM for 40 seconds to achieve a 2 µm thick layer. The wafer was 
baked at 110 °C for 1 minute on a hotplate and UV exposed with 65 mJ power (Karl Suss MA6 
Mask Aligner) followed by development with AZ 300 MIF developer (MicroChemicals) for 90 
seconds. 
2. Lift-off Procedure 
This method uses image reversal to etch the opposite image of the mask template. The 
substrate was covered with hexamethyldisilazane (HMDS, Sigma-Aldrich) and pre-spun at 500 
RPM for 5 seconds followed by 2000 RPM for 40 seconds. HMDS improves the adhesion of 
photoresist to the wafer. Photoresist AZ 5214 (MicroChemicals) was then pre-spun at 500 RPM 
for 5 seconds followed by 2000 RPM for 40 seconds to achieve a 2 µm thick layer. The wafer was 
baked at 110 °C for 1 minute on a hotplate and UV exposed with 65 mJ power (Karl Suss MA6 
Mask Aligner). The wafer was baked again on a hotplate at 120 °C for 30 seconds followed by 100 
mJ of UV exposure and developed with AZ 300 MIF developer (MicroChemicals) for 90 seconds. 
Substrates 
Epitaxial growth of a thin film refers to the deposition of a thin film onto a crystalline substrate 
with the same crystallographic orientation as the thin film. This produces a film that is lattice 
matched to the substrate and exhibits significantly less stain and defects. To achieve epitaxy the 
substrate can be the same material as the thin film or have the same lattice constant as the deposited 
film. Epitaxial growth can be accomplished by molecular beam epitaxy or pulsed laser deposition. 
All the thin film samples in this work were deposited on Si substrates in order to provide proof of 
concepts using techniques that can be easily transferred as industry standard deposition processes.  
 40 
 BULK SAMPLE TREATMENT 
Ferroelectric materials can also be synthesized in bulk form. They can be synthesized as powders 
via solid state synthesis, or other methods, and then pressed into pucks/pellets. They can also be 
made as single crystals. Each method has its advantages and disadvantages. Choosing what method 
to use will depend on the desired properties and application.  
3.2.1 Solid State Synthesis 
In a solid state synthesis reaction solid reagents are mixed and then treated at high temperatures. 
Reaction depends on surface area, reactivity and thermodynamics. Large surface area maximizes 
contact between reactants. Diffusion rate is increased by increasing the temperature and 
introducing defects. Nucleation rate can be controlled with the substrate of choice. For example, 
PbTiO3 is made by grinding and mixing PbO and TiO2 powder reactants which are then pressed 
into a pellet and then heated at 900 °C.  
3.2.2 Solvothermal Synthesis 
Solvothermal synthesis is a method that allows precise control over size, shape distribution and 
crystallinity of metal-oxide particles. These properties are controlled by adjusting the solvent, 
reaction time, temperature and precursors of the reaction. The synthesis of BaTiO3 particles uses 
a metal-organic source as a precursor and an alcohol solvent as precursor and solvent. The 
preparation is executed in a glovebox because of the moisture sensitive nature of the precursors. 
The mixture is then placed in an autoclave as shown in Figure 3-6 and heated in an oven for a 
specified time in order for the reaction to take place.  
Experimental Methodology  
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Barium isopropoxide (0.590 g, Alfa Aesar, 99.9%) is dissolved in 18mL of anhydrous ethanol and 
18mL of anhydrous isopropanol. Titanium isopropoxide (0.678 mL, Sigma-Aldrich) is added 
dropwise to the solution under stirring. Then, 30mL 95% ethanol is added to the mixture under 
stirring to form a clear gel-like mixture. The gel mixture is stirred for 5 min and then transferred 
into a Teflon-lined stainless steel autoclave and heated at 200°C for 48 h. After the solvothermal 
treatment, the autoclave is cooled down to room temperature and the resulting off-white precipitate 
is collected by centrifugation and thoroughly washed with ethanol. Once dried, the powder was 
heat treated at 800°C for 3 hours. XRD (Bruker D2 Phaser) is used to verify composition and 
purity. Transmission electron microscopy (FEI Tecnai T12 S/TEM) is used to analyze the particle 
size distribution. SEM and PFM will also be used to further characterize the powder. 
 
 
Figure 3-6: Stainless steel autoclave used for solvothermal synthesis 
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3.2.3 Single crystals 
Single crystals are materials with no grain boundaries or defects. They have unique mechanical, 
electrical and optical properties. Entropic effects favor polycrystalline materials therefore it is not 
easy to grow single crystals. They are usually grown by either the Czochralski process or Brigman 
technique. The Czochralski process starts with a melt of the starting material that includes any 
dopants. Then a crystal seed is introduced to the melt and the crystal growth begins. The crystal is 
then formed by pulling. The Brigman technique heating a polycrystalline material above its 
melting temperature and then cooling it slowly from one end of the container that contains a seed 
crystal. The crucible is stirred the entire time and the crystal is progressively formed along the 
length of the container. These techniques are commonly used for semiconductors such as doped 
silicon and gallium arsenide but they can also be used to from barium titanate single crystals. 
 PHYSICAL CHARACTERIZATION 
The field of material science uses countless techniques to characterize physical, electronic, optical 
and mechanical properties of materials. The work in this thesis focuses on morphological and 
electronic characterization of ferroelectric thin films. The followings are superficial summaries of 
physical characterization techniques used for this thesis and in depth details are beyond the scope 
of this work. 
3.3.1 X-Ray Diffraction 
X-ray diffraction (XRD) is a characterization technique that uses an X-ray of a fixed wavelength 
to examine the chemical makeup of a crystalline material. Materials with regularly spaced atoms 
will elastically scatter X-rays at specified incident angles to provide high resolution measurements 
of the distance between atomic planes, uniformity of the sample and particle or grain size. XRD 
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can be thought of as graphical or mathematical. The graphical approach relies on constructive 
interference. For diffraction to occur the angle, wavelength and d spacing must be so that multiple 
reflected beams constructively interfere as shown in Figure 3-7.  
 
Figure 3-7: X-Ray Diffraction 
XRD can also be approached mathematically through Bragg’s law: 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (3-2) 
Where 𝑛 is a positive integer, 𝜆 is the wavelength of the incident wave, 𝑑 is the interplanar spacing 
and 𝜃 is the scattering angle. In this approach, the wavelength is known and the angle between the 
incident beam and the atomic planes reveals the 𝑑 spacing between the planes. Each repeating 
plane has a unique 𝑑 spacing that provides a unique “fingerprint” of the sample. 
3.3.2 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a technique that produces images of a sample using a 
focused beam of electrons. The electrons interact with the sample to produce signals that contain 
information about the topography and composition of the sample. The electron beam is rastered 
across the sample. The beam position along with the signal produced is combined to produce an 
 44 
image. SEM can have resolutions of up to 1 nm. The electron beam is emitted from an electron 
gun which is then focused by a condenser lens to the correct spot size diameter. The beam then 
passes through scanning coils that deflect the beam so that is can raster. SEM can detect several 
differ signals depending on the excitation volume which are a function of the interaction between 
the beam and the sample. The possible interactions are secondary electrons, backscattered 
electrons, Auger electrons, cathodoluminescence, Bremsstrahlung x-ray, characteristic x-ray, 
transmitted electrons elastic and inelastic scattered electrons. 
3.3.3 Piezoforce Microscopy 
Piezoforce microscopy (PFM) is a form of AFM that is used to image domains in ferroelectric and 
piezoelectric materials. PFM measures the mechanical response when a voltage is applied to a 
sample surface. A conductive probe comes into contact with the sample surface and applies and 
alternating current that induces a deformation in the crystal lattice of the sample through the 
converse piezoelectric effect. The deflection of the cantilever probe is detected by a photodiode 
detector. 
Topography and ferroelectric domains can simultaneously be detected by this technique. 
Another advantage of this technique is that it is nondestructive and has high resolution at the 
nanoscale. When C- domains are oriented normal to the surface the tip expands the sample so that 
it is in phase with the voltage (0°) as shown in Figure 3-8. For C+ domains the response is the 
opposite direction so that the expansion is out of phase with the driving voltage (180°). The third 
component of the displacement vector can be probed if the sample is rotated 90°. Ferroelectric 
switching information is gathered from the electromechanical response as a function of DC bias 
of the tip. PFM spectroscopy can gauge information about the local ferroelectric behavior 
switching, domain nucleation and growth, and domain wall pinning. 
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Figure 3-8: (a) 0° and (b) 180° phase in PFM 
 ELECTRICAL CHARACTERIZATION 
3.4.1 Polarization Hysteresis 
Ferroelectric materials have a spontaneous polarization that can be switched by an applied electric 
field. The polarization in a ferroelectric capacitor is measured by applying a current and measuring 
the current, 𝑖M, (𝐴). To characterize the polarization versus voltage (𝑃 − 𝑉) response a triangle 
wave [Figure 3-9 (a)] is applied to the capacitor and the switching current is measured at small 
time intervals (Δt) as shown in Figure 3-9 (c). The measured switching current at each voltage 
intervals is integrated ∆𝑃 = 𝑖M𝑑𝑡∆ and converted to polarization increment [Figure 3-9 (d)]. 
The accumulated polarization gives the complete P-V curve in the hysteresis loop shown in Figure 
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3-9(f). All polarization measurements executed in this thesis were made using a Radiant 
Technologies Precision Premier II ferroelectric testing unit. 
From the 𝑃 − 𝑉 curve is possible to deduce a significant amount of information about the 
material. The loop will provide values for remnant polarization, saturation polarization and 
coercive field. Additionally, the hysteresis loop will provide information about leakage, 
imprinting, fatigue and aging in the ferroelectric thin film. 
 
Figure 3-9: Hysteresis loop measurement (adapted from [91]) 
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3.4.2 Dielectric Spectroscopy 
In a ferroelectric material the slope of the hysteresis loop describes the capacitance, 𝐶, (F) 
at that voltage, (V): 
𝐶 = 𝑑𝑃𝑑𝑉 (3-3) 
At the coercive field/voltage the capacitance reaches as maximum value as shown in Figure 3-10.  
 
Figure 3-10: Polarization- Voltage, Capacitance- voltage characteristics of a ferroelectric 
The dielectric constant of a material is measured by measuring the capacitance of a parallel plate 
capacitor using instruments such as a multi-meter, an LCR meter or a Q meter. A small voltage is 
applied by either a square wave or a sinewave can be applied by a function generator as shown in 
Figure 3-11. The capacitance is then calculated from the following equation: 
𝐶 = 𝜀6𝑘𝐴𝑑  (3-4) 
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where 𝑘 (unit-less) is the dielectric constant, 𝜀6 (𝐹/𝑚) is the vacuum permittivity, 𝐴 (𝑚) is the 
capacitor area and 𝑑 (𝑚) is the distance between capacitor plates. In this work an HP 4192A LF 
Impedance Analyzer is used to measure the small signal capacitance. The large signal capacitance 
means that the applied waveform has a large enough amplitude to switch the dipoles in a 
ferroelectric capacitor [92]]. The measurement integrates all the changes the sample experiences 
and includes all contributions from remnant polarization and parasitics. Small signal capacitance 
applies a waveform with a small amplitude therefore the measurement only captures and integrates 
small changes in the sample. The measurements contains no contributions from switching dipoles. 
 
Figure 3-11: Square wave voltage capacitance measurement circuit (adapted from 
reference[93]) 
3.4.3 Pyroelectric Coefficient Measurements 
The pyroelectric effect in ferroelectric materials emerges from the temperature dependence of the 
polarization. Pyroelectricity is characterized by time dependent exchange between the electrical 
and temperature characteristics. The pyroelectric coefficient can be measured directly or indirectly. 
The indirect approach involves the adiabatic measurement of isothermal polarization hysteresis 
loops at different temperatures followed by extracting the intrinsic pyroelectric coefficient, 𝑝, 
(𝐶/𝑚)𝐾) from the following equation: 
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𝑝 = 𝜕𝑃𝜕𝑇 b, (3-5) 
Where 𝜕𝑃 (𝐶/𝑚)) is the change in polarization and 𝜕𝑇 (𝐾) is the change in temperature. The 
indirect pyroelectric measurements in this thesis were carried out using a Radiant Technologies 
Precision Premier II ferroelectric tester combined with a Lakeshore TTPX temperature controlled 
probe station. 
 The direct pyroelectric measurement involves simultaneous measurement of polarization 
and temperature change. This is accomplished by using a well calibrated hotplate or a laser set up. 
In the laser measurement the sample is irradiated with a 50 % duty cycle, square laser pulse with 
a 1 µs rise time at a 1 kHz frequency, while simultaneously applying a triangle wave bias (±20	𝑉) 
at 1 Hz as shown in Figure 3-12 (a). Figure 3-12 (b) shows a representative curve of the 
pyroelectric current, 𝑖M , ( 𝐴 ). The pyroelectric current is calculated from the pyroelectric 
coefficient, 𝑝, (𝐶/𝑚)𝐾) capacitor area, 𝐴, and change in temperature, 𝑑𝑇 𝑑𝑡, from the equation: i = pA𝑑𝑇 𝑑𝑡. 
 
Figure 3-12: (a) Schematic representation of the direct pyroelectric measurement where the time 
between laser pulses is exaggerated for clarity [75] (b) representative illustration of pyroelectric 
current vs. electric field curve  
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4. BILAYER COMPOSITE FILM: A THEORETICAL APPROACH 
Select sections are reprinted from [Y. Espinal, M. T. Kesim, I. B. Misirlioglu, S. Trolier-
McKinstry, J. V. Mantese, and S. P. Alpay, Pyroelectric and dielectric properties of ferroelectric 
films with interposed dielectric buffer layers, Applied Physics Letters 105, 232905 (2014)], with 
the permission of AIP Publishing. 
 MOTIVATION 
The origin of the intrinsic dielectric and pyroelectric properties of ferroelectric materials and their 
thin film embodiments have been well understood for several decades. Moreover, their dependence 
upon crystal structure, temperature, applied electric field and stress, have been studied extensively 
both experimentally and theoretically [55,94-97]. Most recently, however, the behavior of this 
class of thin film materials at fields larger than 100 MV/m has become of interest for their 
enhanced electrocaloric response [98]. Non-polymeric bulk ferroelectric materials cannot easily 
sustain electric fields exceeding ~1MV/m [98,99]. Thin film ferroelectrics, however, have been 
shown to support significantly higher electric fields due to their smaller thicknesses compared to 
bulk [100-102]. Mechanisms of high field failure and current leakage fall into one of the two 
following categories: bulk-limited and interface-limited conduction. The most commonly 
observed leakage current mechanisms in FE perovskite oxides are: interface-limited Schottky 
emission, bulk-limited space-charge-limited conduction, bulk-limited Poole-Frenkel emission, and 
migration of oxygen vacancies [103-108]. The existence of the transport mechanisms typically 
leads to failure on extended times at high electric fields. 
It has been shown experimentally that adding a linear dielectric buffer layer will improve 
leakage and loss characteristics of ferroelectric devices under high field [109-112]. For example, 
BaxSr1-xTiO3 (BST) films grown on sapphire with a 9 nm SrTiO3 (STO) buffer layer has a lower 
leakage current (~1x10-8 A/cm2 at 0 V) compared to a BST monolayer with no buffer layer (~1x10-
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7 A/cm2 at 0 V) [113]. These and other reports motivate investigation of the consequences of 
interposing a high quality DE (e.g., Si3N4, or similar) between a material of lesser breakdown 
strength and the electrodes to make a multilayer [114]. However, the dielectric properties of such 
a multilayer will depend strongly upon the material with the smaller relative permittivity. It is this 
point that is explored theoretically in this paper; namely the role of an interposed thin film 
dielectric on the pyroelectric and dielectric properties of the multilayer. To do this, a non-linear 
thermodynamic model is used to investigate the room temperature (RT=25°C) dielectric and 
pyroelectric properties of ferroelectric/dielectric (FE/DE) bilayers. It is known that the materials 
properties of FE multilayers or compositionally graded structures depend on the elastic and electro-
mechanical interactions [26,115,116]. A thermodynamic analysis carried out for STO/BaTiO3 
bilayers revealed the presence of a critical relative thickness of STO at which a large dielectric 
response is expected [26]. This anomaly is explained through the presence of internal 
(depolarizing) fields that suppress ferroelectricity at a critical volume fraction of STO. In this 
study, a similar methodology was used to investigate the pyroelectric properties of PbZr0.2Ti0.8O3 
[PZT(20:80)] as a prototypical ferroeletric and various dielectric buffer layers including alumina 
(Al2O3), silica (SiO2), silicon nitride (Si3N4), hafnia (HfO2), and titania (TiO2). It is shown that the 
dielectric constant and pyroelectric coefficient can be increased by the presence of buffer layers 
below a certain critical buffer thickness, provided fully c-domain texture is maintained in the 
ferroelectric.  
 EXPERIMENTAL APPROACH AND THERMODYNAMICS 
Consider a (001)-textured, mono-domain PZT (20:80) film on a Si substrate with linear dielectric 
buffer layers schematically shown in Figure 4-1 (a); Al2O3 is utilized as an example. It is assumed 
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that the films are deposited at a growth temperature (𝑇) of 550°C and then cooled to RT. The 
non-equilibrium excess free energy of such a system in the FE state can be expressed as [117]: 
𝐺 = 1 − 𝛼 𝐺B 𝑃B, 𝑇, 𝑥r, 𝐸 + 𝛼𝐺) 𝑃), 𝐸 + 12𝛼 1 − 𝛼 1𝜀6 𝑃B − 𝑃) ) + 𝐺Nℎ  (4-1) 
where 𝛼 (unit-less) is the layer fraction of the buffer layer (defined as the thickness of the buffer 
layer divided by the total film thickness), 𝑥r is the in-plane thermal strain due to thermal expansion 
mismatch ∆𝛼 = 𝛼r − 𝛼N0  between PZT and Si such that 𝑥r ≅ ∆𝛼 𝑇 − 𝑇 . The third term in 
Equation (4-1) is the contribution due to interlayer coupling. 𝐺0 are the uncoupled free energies of 
each layer and are given by: 
𝐺B 𝑃B, 𝑇, 𝑥r, 𝐸 = 𝐺6,B + 𝑎B𝑃B) + 𝑏B𝑃BF + 𝑐B𝑃B + 𝑥r)𝑆BB + 𝑆B) − 𝐸𝑃B	 (4-2) 
𝐺) 𝑃), 𝐸 = 𝑃))2𝜀6𝜀<,) − 𝐸𝑃) + 𝐺	 (4-3) 
where 𝑎B, 𝑏B, and 𝑐0 are the dielectric stiffness coefficients of the ferroelectric and 𝑆03 is the elastic 
compliance at constant polarization for which values were obtained from the literature [118-121]. 
The modified coefficients 𝑎 and 𝑏 in Equation (4-2) read; 
𝑎B = 𝑎B − 2𝑄B)𝑆BB + 𝑆B) 𝑥r	𝑎𝑛𝑑	𝑏B = 𝑏B + 𝑄B))𝑆BB + 𝑆B) (4-4) 
where 𝑄03  are the cubic electrostrictive coefficients of PZT, 𝜀6 is the permittivity of vacuum and 𝜀<,) is the DE constant of the buffer layer (layer 2). It is noted that layer 2 is a linear DE and the 
elastic energy (𝐺) in Equation (4-3) is thus not polarization dependent. The last term in Equation 
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(4-1) is the energy of the DE/PZT interface, which can be neglected for sufficiently thick 
ferroelectrics.  
The equilibrium polarizations 𝑃B6 and 𝑃B6are obtained from Equations (4-2) and (4-3) and 
from the equations of state 𝜕𝐺 𝜕𝑃B = 0  and 𝜕𝐺 𝜕𝑃) = 0 . The pyroelectric and dielectric 
properties are then computed from the relevant Maxwell’s relations such that: 
𝑝 = 𝑑𝑃N𝑑𝑇 + 𝜕𝜀𝜕𝑇  𝑑𝐸6  (4-5) 
𝜀< = 1𝜀6 𝑑 𝑃𝑑𝐸 = 1𝜀6 1 − 𝛼 𝑑𝑃B6𝑑𝐸 + 𝜀 𝑑𝑃)6𝑑𝐸  (4-6) 
where 𝑃 = 1 − 𝛼 𝑃B6 + 𝛼𝑃)6 is the average polarization. The second term in Equation (4-5) is 
the DE contribution to the total pyroelectric response and it can be neglected for films in the polar 
FE state in the absence of external bias [120].  
 RESULTS AND DISCUSSION 
Figure 4-1 (b) shows the average out of plane polarization of PZT 20:80 films for 𝑇=550°C as a 
function of Al2O3 layer fraction on metallized Si. It was assumed that the polarization is maintained 
out-of-plane and that there are no structural or electrical domains. The net polarization decreases 
rapidly with increasing thickness Al2O3 due to the large polarization mismatch between the FE 
and DE layer. Specifically, at a critical DE thickness of only ~2% of the PZT, 𝑃N vanishes in the 
absence of a bias field. Application of an electric field to compensate for the polarization decay 
shifts the critical thickness to a larger value. Conversely, the average relative permittivity (𝜀<) and 
pyroelectric response (𝑝) of the composite structure gradually increases with increasing Al2O3 
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layer fraction as can be seen in Figure 4-1 (c) and 1 (d). This seemingly counterintuitive finding is 
due to the electrostatic coupling between layers and a shift in the Curie temperature to lower 
temperatures as a result of the thermal strain between the ferroelectric and the interposed dielectric 
layer. A detailed discussion of these two factors is provided in the later parts of the paper. In the 
example shown in Figure 4-1, an abrupt change of spontaneous polarization at the critical buffer 
layer fraction increases 𝜀< of bulk PZT from 85 to 310 for structures with 1% Al2O3 interposed 
between a platinum coated films clamped on Si substrate with a growth temperature 𝑇=550°C. 
Figure 4-1(d) plots the pyroelectric coefficient of PZT/Al2O3 bilayers as a function of the buffer 
layer fraction.  
 
Figure 4-1: (a) Schematic of a PZT 20:80 film with an Al2O3 buffer layer on Si. Room temperature 
(b) polarization, (c) small signal relative dielectric permittivity, and (d) pyroelectric coefficient 
curves of PZT 20:80 as a function of Al2O3 layer fraction for 𝑇=550°C on Si for E=0, 50, 100, 
150, and 200 kV/cm. (Reprinted from [19] with the permission of AIP Publishing.) 
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Adding a dielectric layer to PZT films drastically improves the pyroelectric properties such 
that a bilayer composed a PZT film with 1% Al2O3 is expected to have a pyroelectric coefficient 
of 0.070 µC/cm-2°C-1 which is 80% higher than the value computed for PZT (20:80) monolayer 
on Si. Calculations for Si3N4 as the buffer layer yield similar results. For PZT with 𝑇=550oC, the 
critical fraction of Si3N4 is 1.75%. This is because the bulk dielectric permittivity of Si3N4 and 
Al2O3 are similar (7 and 8, respectively). For a bilayer with Si3N4 fraction equal to 1%, 𝜀< and the 
pyroelectric coefficients are ~360 and 0.078	µ𝐶/𝑐𝑚)°𝐶B. The above findings are consistent with 
the fact that active electrocaloric and pyroelectric thin film devices often have active FE layer 
thicknesses of ~1000 nm, whereas the thicknesses necessary to achieve high dielectric field 
breakdown strengths in interposed DE layers are often on the order of 1-10 nm, making these 
results encouraging for the next generation pyroelectric and electrocaloric devices. 
Figure 4-2 shows the relationship between the dielectric and pyroelectric properties as a 
function of the buffer layer fraction for four different dielectrics. The configuration of bilayers 
with SiO2, HfO2 and TiO2 is identical to the one shown in Figure 4-1 (a). It is seen, that due to the 
polarization mismatch between the layers, a critical layer fraction exists at which both the 
pyroelectric coefficient and 𝜀< rapidly increase. For alumina, this critical fraction is about 1.95%. 
For SiO2, Si3N4, HfO2 and TiO2 these layer fractions are approximately 1.10%, 1.75%, 5.00%, and 





Figure 4-2: Pyroelectric coefficient and relative dielectric permittivity of PZT 20:80 as a function 
of (a) Al2O3, (b) SiO2, (c) HfO2, and (d) TiO2 layer fractions for 𝑇=550°C on Si at 𝐸=0 kV/cm. 
(Reprinted from [19] with the permission of AIP Publishing.) 
Figure 4-3 plots the critical layer fraction as a function of relative dielectric permittivity of 
the dielectric buffer layer for Ti-rich PZT compositions for which the bulk Curie temperature 
increases with increasing Ti content. Bulk dielectric permittivities for common dielectric materials 
are denoted on the top axis of Figure 4-3. The critical layer fraction is larger for buffer layers with 
larger bulk dielectric constants. We also note that for PZT compositions with larger zirconium 
concentrations, the critical layer fraction increases at a faster rate. For example, the critical layer 
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fraction for a buffer layer with 𝜀<= 40 on PZT (0:100) (PbTiO3) is 9%; in contrast, for PZT (40:60) 
it is about 4.5%. Consequently, control of thickness during deposition/growth and the choice of 
the buffer layer can be exploited to optimize the pyroelectric coefficient as well as the dielectric 
constant of the ferroelectric multilayer. 
 
Figure 4-3: Critical DE layer fraction of FE/DE bilayers as a function of the relative dielectric 
permittivity of the DE layer (TG=550°C, E=0 kV/cm) for Ti-rich PZT compositions. (Reprinted 
from [19] with the permission of AIP Publishing.) 
To facilitate better thermal transport through a pyroelectric device, the substrates are often 
back-etched to remove Si which is only a moderately good thermal conductor and a thermal 
parasitic [122]. This reduces the thermal time coefficient of the detector and increases the figure 
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of merit [123,124]. We have carried out computations for such a case where the Si substrate is 
assumed to be removed from the bilayer after the growth/deposition process. For a PZT (20:80) 
with an Al2O3 buffer layer with 𝛼=1% at 𝑇=550oC, the dielectric constant and the pyroelectric 
coefficient (~145 and 0.054 µC/cm-2°C-1) are actually lower than for bilayers on un-etched Si. This 
is related to the fact that thermal strains in PZT (20:80) actually improve dielectric and 
electrothermal properties as shown in Zhang et al.[119] and Kesim et al.[30] by shifting film Curie 
temperature closer to RT. 
The critical thickness discussed so far corresponds to a certain volume fraction of the linear 
dielectric layer in the multilayer construct that causes ferroelectricity to disappear at a temperature 
different (lower) than the bulk 𝑇7 . This results in a divergence of the second-order property 
coefficients such as the dielectric constant 𝜀 = 𝜕𝐺) 𝜕𝐸) b,r and pyroelectric coefficient 𝑝 = 𝜕𝐺) 𝜕𝐸𝜕𝑇 b  near the instability as seen in Figure 4-2. A concurrent increase in 𝜀< and 𝑝 
may not be necessarily desirable in applications where high-voltage responsivity is required. This 
is usually the case for most pyroelectric detector configurations and devices with large area 
pyroelectric elements. In addition, one needs to consider dielectric losses to take into account the 
signal-to-noise ratio of the element [125,126]. However, materials with high pyroelectric 
coefficients may improve the performance of small pyroelectric detectors operating at relatively 
high frequencies where a high current responsivity (high-gain) is crucial [127]. The figure of merit 
depends on the specific application of the pyroelectric. It is different whether it is used in IR 
sensing or in solid-state heating/cooling devices. Regardless of the application, however, low-loss, 
low leakage currents, and high breakdown strength are crucial materials parameters. These cannot 
be determined from the quasi-static theoretical methodology presented in this study. 
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The loss of stability of the ferroelectric phase originates from the third term in Equation 
(4-1) that describes the electrostatic coupling between the layers. The presence of depoling fields 
as a result of a polarization mismatch between the ferroelectric and the dielectric layer works 
against the stability of the ferroelectric state in the heterostructure. This, however, should not mean 
the suppression of ferroelectricity beyond the critical fraction. It can be maintained by the 
formation of electrical domains or by the transport of charged defects to the interlayer interface to 
screen the internal electric field resulting from the polarization mismatch between layers [128-
130]. We also note that the present model does not take into account trapped (bound) charges and 
interfacial dislocations which may relax internal stresses due to lattice mismatch in epitaxial 
heterostructures. Furthermore, the interfacial energy due to polarization gradients at the interlayer 
interface is neglected in Equation (4-1) when computing the equilibrium properties of the bilayers. 
This is a valid assumption if the individual layers that make up the multilayer are thicker than the 
correlation length of ferroelectricity (~1-10 nm). For ultrathin superlattices the energy of 
polarization gradient near the interfaces should be included in the free energy function. Regardless 
of its limitations, the variations of this formalism employed here have been used to explain 
experimental observations that show anomalies in second-order properties and vanishing 
polarization at critical layer fractions in a wide variety of ferroelectric multilayers and superlattices 
[113,131-136]. As such, this relatively simple model can be utilized to guide experimental work 
on the design of multilayer heterostructures for pyroelectric applications. Prior investigations by 
the IC and MEMS community have shown that the dielectric strength of dielectric films may be 
increased nearly tenfold by interposing high breakdown strength dielectrics of 1-10 nm thickness 
[114] Such studies, together with the findings of this paper suggest that the performance of 
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pyroelectric based energy conversion devices (thermal to electric and electric to thermal) could 
benefit from this approach as well. 
Experimentally, dielectric barrier layers often act to reduce, rather than increase the dielectric 
permittivity, as might be expected based on simple dielectric mixing rules that do not take into 
account electrostatic coupling between layers. The ferroelectric may form domain structures that 
do not conform to the implicit assumptions utilized in the thermodynamic modeling described 
above. Consequently, in order to actively employ the advantages associated with the dielectric 
buffer layer, it would be necessary to ensure that the film remains polarized out-of-plane. This 
could be achieved, practically, for example, by utilizing films with large levels of imprint, or by 




5. BILAYER COMPOSITE FILM: AN EXPERIMENTAL APPROACH 
 MOTIVATION 
Understanding the dielectric and resistive switching properties of a Ferroelectric/Dielectric 
(FE/DE) multilayer heterostructure is important for both fundamental science and technological 
applications. In this work we fabricate and test FE/DE bilayer capacitors in order to understand 
the relative influence of DE thickness fraction on ferroelectric and resistive properties. We have 
carried out detailed experimental work where multilayer films comprised of PbZr0.40Ti0.60O3 [PZT 
(40:60)] as the FE layer and increasing thickness of hafnia (HfO2) as the linear DE were fabricated 
and compared to monolithic PZT films of same composition synthesized under identical 
conditions. PZT (40:60) is a prototypical FE with excellent dielectric and piezoelectric properties. 
In the PE state, it is cubic with 𝑃𝑚3𝑚 symmetry and transforms to a FE tetragonal phase with 𝑃4𝑚𝑚 symmetry at TC= 425oC. We have chosen HfO2 as the linear DE for two reasons. Firstly, 
it has a relatively high dielectric constant. At room temperature, the relative dielectric permittivity 
of HfO2 is 25[137]. Secondly, the film thickness of HfO2 layers can be controlled very precisely 
at the nanometer scale when grown using atomic layer deposition, [138] which can be easily 
integrated with current CMOS technology. The latter point gives us the opportunity to accurately 
adjust the overall dielectric response and the resistive switching properties of the heterostructures. 
The bipolar polarization-field response, capacitance, leakage current, and resistive switching 
behavior of these bilayer films were characterized to understand the fundamental effects of adding 
a DE layer to a FE film. Our results indicate that polarization switching is maintained in bilayer 
FE/DE films with DE layer fractions of up to 8% and the dielectric tunability can be described by 
the capacitor-in-series model. We attribute these findings to the existence of space charges at the 
interface which compensate the polarization switching in the FE. The charged FE/DE interface 
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can provide an alternate path for obtaining intermediate resistance states which can be useful in 
multistate resistive memory applications. 
 EXPERIMENTAL APPROACH  
PZT (40:60) films were fabricated by chemical solution deposition. Lead (II) acetate trihydrate 
was mixed with zirconium (IV) n-proproxide and titanium (IV) isoproxide with a Zr:Ti ratio of 
40:60 to achieve a solution with the desired cation ratio. The solution was deposited on a 150 mm 
diameter, platinized silicon (100) wafer at a speed of 2500 rpm and pyrolized at 350°C to remove 
any remaining organic solvents. The films were then annealed (AG Associates Heatpulse 610 
RTA) at 700 °C for 60s in under O2 atmosphere. This sequence was then repeated until three wafers 
of desired PZT thicknesses (250, 500 or 1000 nm) were achieved.  
Each PZT wafer was sectioned into 2 x 2 cm pieces to yield a subset of 12 samples, where 
each has a different HfO2 layer fraction, 𝛼, (unit-less) (see Table 5-1), defined as the ratio of 
the DE thickness, ℎ, (𝑚) relative to the thickness of the bilayer: 𝛼  = ℎ ℎ + ℎr . 
Hafnia (HfO2) was deposited on each PZT (40:60) film at 200 °C by atomic layer deposition using 
a Kurt J. Lesker Company ALD-150LX instrument. Water was used as the oxygen precursor and 
tetrakis (dimethylamido) hafnium (IV) as the hafnium precursor. The number of cycles was varied 
to determine the hafnia thickness (either 5, 10, or 20 nm). Platinum top electrodes were sputtered 
(Unaxis Clusterline 200) at 500 °C in Ar plasma from a platinum target to a thickness of 100 nm. 





Table 5-1: Experimental matrix of fabricated samples and their respective 
hafnia layer fraction (%). 
HFO (nm) 
250 nm PZT 500 nm PZT 1000 nm PZT α¢£¤  (%) α¢£¤  (%) α¢£¤  (%) 
0 0 0 0 
5 2 1 0.5 
10 4 2 1 
20 8 4 2 
 
The crystallinity of the film was confirmed using X-ray diffraction (XRD) with a Rigaku 
Ultima III Diffractometer. Figure 5-1 (a) shows the XRD patterns for all three PZT thicknesses. 
All film thicknesses show equivalent crystallinity and preferred orientation along the (100) 
direction. The film structure was characterized using a Zeiss Auriga scanning electron microscope 
(SEM) to reveal the columnar growth of PZT (40:60) as shown in Figure 5-1 (b) for a 500 nm 
thick PZT (40:60) film coupled with a 20 nm thick HfO2 layer. SEM analysis also reveals a sharp 
interface between the FE and DE layers.  
 
Figure 5-1: (a) X-ray diffraction pattern of PZT (40:60) films at each prepared PZT thickness. 
(b) SEM image of a (100) textured 500 nm thick PZT (40:60) film with 20 nm thick ALD grown 
HfO2. 
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Dielectric hysteresis loops were performed at 1 kHz over ±30 V using the Radiant 
Technologies Precision Premier II ferroelectric testing unit. Capacitance measurements were 
measured from -10 to 10V at room temperature using an HP 4192A LF Impedance Analyzer. The 
resistive switching behavior of the films was measured by sweeping the voltage above and below 
the coercive field for each sample. The current- voltage (I-V) and resistance response 
measurements were also taken using the Radiant Technologies Precision Premier II ferroelectric 
testing unit. 
 CAPACITANCE AND DIELECTRIC PROPERTIES 
The capacitance of each sample was measured and compared to the relative dielectric layer fraction 
as defined in Table 5-1. Figure 5-2 shows the relative permittivity of each film composition. The 
permittivity has a decreasing response with increasing HfO2 layer fraction, identical to the 
response predicted by a capacitor-in-series (CIS) model. The total applied voltage, ∆𝑉, (𝑉) is split 
between each capacitor (∆𝑉 = 𝑉B + 𝑉)). The effective capacitance, 𝐶¥, (𝐹) in a bilayer film is 
therefore described by the following relationship: 
𝐶¥ = 𝑄∆𝑉 = 𝐴𝜀6 ℎB𝜀B + ℎ)𝜀) 		𝑜𝑟		 1𝐶¥ = 1𝐶B + 1𝐶) (5-1) 
where 𝐴 (𝑚) is the area of the capacitor, 𝜀6 (𝐹/𝑚) is the permittivity of vacuum, and 𝜀0, (unit-less) 




Figure 5-2: Permittivity of the bilayer film vs hafnia layer fraction corresponding to all three 
PZT thicknesses 
The CIS model would describe this system only if the DE and FE layers are effectively 
decoupled from one another, where the interface between the layers breaks the continuity of the 
electric field but the internal electric field within each layer remains uniform [21]. In a 
conventional metal/FE/metal structure, the free charge carriers in the metallic electrodes 
compensate for the (depolarizing) electric field that forms due to the presence of a spontaneous 
polarization in the FE film. When there is a DE layer inserted between the metal and the FE layer, 
free charges in the metal can no longer fully compensate the field in the FE and a large internal 
field is formed in the FE layer which destabilizes the spontaneous polarization [23,62]. There are 
several mechanisms that can reduce the effect of such a strong depolarizing force including 
adjustments in the polarization in each layer resulting in strong polarization in the linear DE 
depending on the relative thicknesses of the FE and DE. Another way of mitigating the 
depolarization is through the formation of domain patterns in the FE [139-143]. Depending on how 
the multilayer heterostructure is synthesized, there is also the possibility of introducing interfacial 
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charges that would compensate for the (initial) polarization mismatch. Furthermore, when an 
external field is applied to such a bilayer, free charges may also be driven towards the FE/DE 
interfaces and become trapped, again reducing the depolarizing field. Considering that the overall 
dielectric response of the layers can be described by a straightforward application of the CIS 
model, we conclude that there are trapped/compensating charges at the PZT (40:60)/HfO2 
interlayer interface that compensate for polarization variations and effectively decouple PZT 
(40:60) from HfO2. 
 POLARIZATION SWITCHING AND LEAKAGE CURRENT 
The polarization response to an applied electric field was also measured. Figure 5-3 shows a 
characteristic dielectric hysteresis loop for samples consisting of a 500 nm PZT film with HfO2 
thicknesses of 0, 5, 10, and 20 nm. From these loops, is it evident that the HfO2 thickness modifies 
the coercive field (𝐸7) and maximum polarization (𝑃 ©s) of the FE/DE bilayer. As the HfO2 layer 
fraction increases, 𝑃 ©s decreases as theoretically expected [144]. The decrease in the polarization 
is due to the charge accumulation at the interface which limits the polarization that can be realized 
within the ferroelectric layer. As the HfO2 thickness, increases the coercive voltage increases as 
well in each PZT film thickness (Figure 5-4). The applied voltage will be divided proportionally 
with respect to the capacitance of each layer. As such, the voltage applied to the DE layer (𝑉:) 
necessary to switch the polarization in the bilayer can be calculated as follows: 
𝑉7 = 𝑉: + 𝑉m = 𝐸:	ℎ + 𝑉m (5-2) 
where 𝑉7  is the voltage at 𝐸7  for the bilayer, 𝑉m is the voltage at 𝐸7  of the FE layer and 𝐸: is the 
additional measured field applied directly to the DE film. In Figure 5-4 the slope of each line 
(𝐸: ≈ 6000	𝑘𝑉/𝑐𝑚) is the field that is generated in the DE before the polarization in the FE can 
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switch. Jiang et al. describe the increase in the electric field in the DE as a “tunnel switch.” In 
FE/DE bilayer films with DE thickness of less than 6 nm the FE/DE interface essentially functions 
as an “on/off’ switch [22]. At voltages below the coercive field the switch is “off” and the DE 
layer behaves as a resistor that limits the charge that can pass through the DE. When the FE 
capacitor becomes fully charged and all polarization is switched within the FE layer, charge will 
begin to accumulate at the FE/DE interface resulting in an even larger field being generated in the 
DE to compensate the charge at the interface (because of the large PZT capacitance). When enough 
electric field is applied (𝐸7  for the stack) the switch will open and turn “on” allowing charge to 
pass through and saturate the polarization. At saturation the switch turns “off” and no longer allows 
charge to pass through and the DE once again behaves as a capacitor. The capacitance of the PZT 
decreases and the voltage corresponding to each layer is the same as it would be in the CIS model, 
confirming the observations by Jiang et al. [22]. 
 
Figure 5-3 Polarization response vs electric field for films with 500 nm PZT and 4 different 
thicknesses of HfO2 (0, 5, 10, and 20 nm) 
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Figure 5-4: Coercive voltage vs. HfO2 layer fraction for all three PZT film thicknesses extracted 
from the polarization-electric field hysteresis curve for each film. 
The CIS model supports the trend of decreasing permittivity and increasing coercive field 
with increasing layer fraction and HfO2 thickness. However, theoretical studies have shown that 
the CIS model cannot explain the anomalous dielectric response observed in several bilayer 
systems that display a significant increase in the permittivity near a critical DE layer fraction at all 
[19]. For example, Sun et al. use a nonlinear thermodynamic model to show that expressing the 
permittivity from a global Landau-Devonshire free energy functional, taking into account the 
electrostatic coupling between layers and the relevant boundary conditions, would be a more 
appropriate approach to describe the dielectric properties of a FE/DE bilayer structure [145]. The 
permittivity of each layer is derived from the excess free energy due to the polarization mismatch 
and presence of free/trapped space charges [117]. The details and development of this expression 
show how the electrostatic interaction between FE and DE layers is established, and experimental 
results in mesoscopic bilayers are provided elsewhere [26,129]. This method of calculating the DE 
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properties of a bilayer assumes no interfacial energy due to lattice mismatch, no electrostatic 
screening between the FE and DE layers since there are no interposed electrodes and does not 
account for domain walls and their contribution to the polarization and property coefficients. 
However, a charge density is factored in to account for defects and trapped charges at the interface. 
Calculating the dielectric properties with these boundary conditions concludes that the bilayer 
stack can only be described as a CIS in the case that both layers are linear DEs [145]. Our 
measurements show that in a system under non-equilibrium conditions the permittivity and 𝐸7  are 
more easily described by the CIS approach where the FE/DE interface is far from ideal and may 
contain space/bound charges that could help compensate the switching in the FE.  
Tagantsev et al. have shown that the non-linear polarization response intrinsic to FEs disappears 
when a dielectric layer larger than a critical thickness is present in the film [144]. This passivation 
layer or ferroelectrically “dead” layer is especially detrimental in ultra-thin ferroelectric films (less 
than ~10 nm) [146]. However, Figure 5-3 shows that polarization switching can be maintained in 
bilayer films with 20 nm of DE HfO2 or 8% dielectric layer fraction. Assuming that the thickness 
of the FE layer is well above the correlation length of ferroelectricity, which is on the order of 10-
15 nm in strong FE materials such as PZT, [55] a FE/DE bilayer film will maintain its characteristic 
reversible polarization switching. 
In addition to the capacitance and polarization response, the effect of varying layer 
fractions on the leakage current of the bilayer films was investigated. The addition of a DE that is 
a good insulator has been shown to address leakage current [113]. Leakage current measurements 
in Figure 5-5 demonstrate the general trend of leakage current reduction as HfO2 layer fraction 
increases. In a 250 nm PZT film, the leakage current can be reduced by up to 4 orders of magnitude 
with the addition of an amorphous DE layer, while still maintaining switching behavior intrinsic 
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to the FE film. This significant improvement indicates an opportunity to selectively tune and/or 
reduce the leakage current in a FE/DE device. 
 
Figure 5-5: Leakage current density with increasing hafnia layer fraction. Blue circles 
correspond to a 250 nm PZT film. Red squares and green triangles correspond to the 500 nm 
and 1000 nm PZT films, respectively. 
 RESISTIVE SWITCHING 
In ferroelectric ReRAM devices, variable resistance states are obtained by manipulating 
polarization-dependent leakage current phenomena. Accessing intermediate resistance states via 
inhomogeneous polarization switching [66] is an alternative approach to directly probing 
polarization states, which are classically only bi-stable. In this work, the potential of having a 
charged interface at the FE/DE bilayer was considered to provide an alternate route for obtaining 
intermediate polarization states resulting from partial charge compensation at the interface. During 
polarization switching, the DE layer can act as a capacitor or resistor depending on the timing of 
the applied voltage pulse. If the timing of the voltage pulse is controlled, it would be possible to 
manipulate the bilayer film into a state where the DE is behaving as a resistor. It follows from 
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recent theoretical work of Misirlioglu et al. [147] and Mohammadmoradi et al. [148] that at this 
point there are charges at the FE/DE interlayer interface that would compensate and stabilize the 
polarization at an intermediate resistance state. 
The resistive switching (RS) behavior of these bilayer films was established by determining 
the reliability of the films by measuring endurance, retention and existence of resistance 
intermediate states. A 250 nm PZT (40:60) was chosen from the sample set for these measurements 
because thinner films have a lower power requirement for polarization switching. A 250 nm PZT 
(40:60) is compared to the bilayer film with 5 nm HfO2 because it showed the best endurance 
behavior. These bilayer devices can be switched from a high resistance state (HRS) to a low 
resistance state (LRS) as follows: pulsing below EC SETs the film to the LRS and pulsing above 
EC RESETs the film to the HRS. For a 250 nm PZT film and a bilayer film with 5 nm HfO2 the 
coercive fields are ± 3.5 V and ±6.25 V, respectively. The resistance is read out at negative voltages 
that are below EC because RS behavior is more intense at the negative voltage region due to the 
asymmetrical structure of the bilayer.  
The endurance of the film was determined by measuring the resistance of the film after 
applying a sequence of pulses above and below the coercive fields at frequency of 1 kHz. The 
endurance for both 250 nm PZT (40:60) and a 5 nm HfO2/PZT film are shown in Figure 5-6 (a) 
and Figure 5-6 (b), respectively. The endurance for the PZT (40:60) film does not begin to degrade 
until 1x105 cycles compared to 1x103 cycles in the bilayer film. The endurance in the 5 nm 
HfO2/PZT film also degrades at a much faster rate than the PZT (40:60) film. This is the opposite 
effect from what is expected in a ferroelectric film with a thin dielectric layer [149] because with 
each cycle a significant amount of space charges accumulates at the HfO2/PZT interface. The space 
charges at the interface will cause degradation in fatigue resistance in the film due to a reduced 
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degree of reversible domain wall motion, resulting in decreased charge switching [150]. For 
nonvolatile memory applications, it is important to quantify device reliability of switching between 
states. In literature, it has been shown that ReRAM devices can have resistive endurance values 
from 10 to 106 cycles, with the highest values reported to be 109 cycles [151]. Our values of 1x105 
and 1x103 cycles for PZT (40:60) and the 5 nm HfO2/PZT film, respectively, are well within 
acceptable endurance values for ReRAM devices [151]. 
 
Figure 5-6: Resistance endurance for (a) 250 nm PZT (40:60) and (b) 5 nm HfO2 on 250 nm 
PZT (40:60) bilayer. 
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The retention time of the 5 nm bilayer film was measured by setting the resistance state, 
waiting a specified time, and then probing the resistance. The film was set by pulsing at -10V and 
reading the voltage at -2V after a specified time period. Figure 5-7 shows that the bilayer film 
retain the same resistance state for up to 1000 seconds after the initial pulse before resistance 
begins to degrade for both the SET and RESET cases. State-of-the-art ReRAM devices have a 
retention period of up to 10 years at 85°C. 24 Extrapolating the 10-year lifetime of the measured 
retention of the bilayer would give lifetime values much lower than 10 years.  
 
Figure 5-7: Retention in a 5 nm HfO2/PZT film with a SET (-10V) and RESET (+10V) pulse. 
Figure 5-8 (b) plots the resistance measurements of a 5 nm HfO2/PZT film to reveal stable 
intermediate resistance states that exists between the LRS and HRS. The voltage was pulsed to 10 
V and then read at -2 V as shown in Figure 5-8 (a). The voltage pulse was repeated at intervals of 
0.5 V and read at -2 V for 0 V to 10 V range. The error bars shown in Figure 5-8 (b) are within 
one standard deviation. These reproducible resistance states are driven by partial FE polarization 
switching, congruent in the direction of the applied electric field, which could presumably be 
stabilized by a chargeable FE/DE interface. 
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Figure 5-8:Schematic for intermediate resistance test. Voltage is pulsed in 0.5 V increments from 
0 to 10V, while resistance is read at -2V between each pulse. (b) Resistance vs pulse voltage for 
5 nm HfO2/PZT film with error bars.  
It has been shown that a depletion region associated with a Schottky barrier is formed at the 
Pt/FE interface [152]. Since the space charges at the interface behave equivalently to a depletion 
region, the FE can be thought of as being partially or even fully depleted [76]. Assuming the 
leakage current mechanism is driven by Schottky emissions, then the resistance of the film could 
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be modified by the band structure of the electrode/film interface [149,153]. In contrast to 
observations made by Silva et al. [149] where the DE layer and the FE film are electrostatically 
coupled to one another, we show from the CIS model that the HFO2 and PZT layers are 
electrostatically detached from one another. While further work is needed to fully understand the 
exact mechanism [154], it is conceivable that the concept of a charged interface between the FE 
and DE layers could support partial resistive switching. While the difference in resistance 
magnitude of these two states is small, our results show conclusively that it is possible to achieve 
two different resistance states in these bilayers films. This multistate resistance phenomena would 
be extremely useful in memristor and low power computing applications. Garcia and Bibes have 
shown intermediate resistance states in ferroelectric tunnel junctions that are stabilized via mixed 
ferroelectric domains [10]. Similarly, other groups have demonstrated stable, partial polarization 
switching in ferroelectric thin films [155]. Resistive switching has also been observed in several 
ferroelectric systems where interfacial effects have been show to allow high control of polarization 
switching [156-158]. The findings of this study indicate that FE/DE bilayers can support two 
distinct resistance states but more work is needed to improve upon the proof of concept presented 
herein. We have employed here fairly standard industry deposition techniques (sputtering and 
solution deposition) to synthesize the bilayer construct. More specialized and sophisticated 
techniques such as molecular beam epitaxy, atomic layer deposition, and pulsed laser deposition 
offer control of composition at the nanometer scale and below [159]. Such in-situ techniques can 
readily be employed to carefully design the interlayer interface and perhaps introduce a conductive 
layer [160] between the FE and the DE to modulate and support the partial charge switching 
process for a more robust response. 
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 CONCLUDING REMARKS 
In summary, this work presents the results of an experimental study directed towards 
understanding dielectric and resistive switching properties of 12 different PZT (40:60) / HfO2 
bilayer heterostructures grown on platinized Si substrates. We have varied the relative thickness 
of HfO2 and compared how these properties changed compared to just PZT (40:60) films grown 
on the same substrate under identical conditions. Our results indicate that: 
• Polarization switching can be maintained in bilayer films consisting of PZT (40:60) and 
increasing thickness of dielectric HfO2 with DE layer fractions of up to 8%. These films 
display robust ferroelectric properties, including a well-developed polarization-applied 
electric field hysteresis loop with a remnant polarization of up to 40µC/cm2. There is a 
slight reduction in the remnant polarization (~28 %) compared to PZT (40:60). 
• There is an increase in the coercive field in PZT (40:60)/HfO2 samples. For PZT (40:60) 
films with a 20 nm HfO2 layer the coercive field is 305 kV/cm, whereas for just PZT 
(40:60), the coercive field is 100 kV/cm. 
• The insertion of the HfO2 layer results in a drastic reduction in the leakage current density. 
For example, leakage current density is 5.5x10-4 A/cm2 in a 250 nm film of PZT (40:60) 
compared to 8.7x10-4 A/cm2 in an equivalent film with 20 nm of HfO2  
• The permittivity and coercive field are described by a relatively simple CIS model which 
indicates that the PZT (40:60)/HfO2 bilayers are electrostatically decoupled, possibly due 
to trapped/bound charges at the FE/DE interface.  
• Resistive switching measurements indicate that the FE film can be SET and RESET to 
two stable resistance states with at least an order of magnitude in resistance difference 
from 5x108 to 5x109 ohms.  
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6. FERROELECTRIC/DIELECTRIC NANOCOMPOSITE  
Composite materials are desirable because, in the right composition, they can be engineered to 
selectively exhibit the desirable properties of the component materials while suppressing 
undesirable behavior. Combining high permittivity ferroelectric (FE) nanoparticles with a high 
dielectric strength material can potentially provide a means of reducing dielectric loss, and leakage 
current, while maintaining significant dielectric and pyroelectric properties inherent to FEs 
materials. This chapter summarizes three different methods developed for this thesis in pursuit of 
synthesizing a solely ceramic based ferroelectric/dielectric (FE/DE). The first attempt used 
mesoporous silica as a hard matrix and aimed to synthesize barium titanate (BaTiO3) nanoparticles 
within each pore. The second approach used a titanium-based spin-on-glass solution as a matrix 
that could support FE BaTiO3 nanoparticles. The final approach used a novel technique that used 
electrospray to deposit a BaTiO3 nanoparticle thin film onto a substrate followed by coalescing the 
nanoparticles via atomic layer deposition (ALD) of dielectric hafnium oxide (HfO2) which also 
serves as the surrounding matrix. 
BaTiO3 was chosen because it is a prototypical FE that is preferred over other lead-
containing perovskites. Hafnium (Hf) is a transition metal in the same group as titanium and 
zirconium. Its corresponding oxide, HfO2, has a dielectric constant of about 25 and a dielectric 
leakage rate of about 10-8 A/cm2 at 1MV/cm [137]. HfO2 was chosen as the dielectric matrix 
because it has a higher dielectric constant than comparable dielectric materials and can be 
conformally deposited using atomic layer deposition.  
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 BATIO3/SILICA COMPOSITE 
Mesoporous materials are of interest for their potential as catalysts and high surface area electrodes 
[161]. For example, transition metal oxides such as Fe2O3 can be synthesized with ordered pores 
via in-situ synthesis followed by chemical removal of the mesoporous silica that is used as a hard 
template [162]. This work hypothesized that using an analogous in situ method to that used for 
transition metal oxides, BaTiO3 nanoparticles could be grown inside the pores of a mesoporous 
silica template using mesoporous silica (KIT-6) has a cubic (Ia3d) structure with a pore size 
between 4-12 nm and a dielectric constant of 2.6. In these experiments, the mesoporous silica 
functions as the dielectric matrix while the FE BaTiO3 particles grow inside the pores creating a 
FE/DE composite, schematically shown in Figure 6-1. 
 
Figure 6-1: Schematic of mesoporous silica and BaTiO3 composite 
6.1.1 Experimental Procedure: 
Silica Kit-6 was synthesized according to the details in reference [162]. All experiments were 
conducted in a glovebox due to the moisture sensitivity of the precursors. Silica KIT-6 (0.25g) was 
dissolved in 20 ml ethanol. Barium isopropoxide (0.59 g, Alfa Aesar, 99.9%)) was dissolved in 18 
ml of ethanol and 18 ml of isopropanol. The silica solution was added to the barium solution and 
stirred. Titanium isopropoxide (0.678 mL, Sigma-Aldrich) was added, dropwise, to the barium and 
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silica mixture. Ethanol (10 ml) was added to bring the solution up to volume. The gel mixture was 
stirred for 5 minutes and then transferred into a Teflon-lined stainless steel autoclave and heated 
at 200°C for 48 hours. After the solvothermal treatment, the autoclave was cooled down to room 
temperature and the resulting off-white precipitate was collected by centrifugation and thoroughly 
washed with ethanol. Once dried, the powder was heat treated at 800°C for 8 hours to crystalize 
the BaTiO3 nanoparticles. 
6.1.2 Results and discussion 
XRD (Bruker D2 Phaser) was performed to characterize the composition of the composite. The 
XRD, Figure 6-2, compares a pure BaTiO3 spectra to that of the BaTiO3-silica composite. The 
BaTiO3 spectra is consistent with that BaTiO3 nanoparticles. There are peaks at 22.0°, 31.5°, 38.8°, 
45.1°, 56.1° and 65.7° corresponding to crystalline BaTiO3 peaks There are also many other 
unidentifiable peaks indicating impurity in the sample.  
 
Figure 6-2: XRD of BaTiO3 particles and BaTiO3-Silica Composite 
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 Transmission electron microscopy (FEI Tecnai T12 S/TEM) was used to analyze the 
particle size distribution. Figure 6-3 (a) shows what is expected to be the mesoporous silica 
structure. At the micrograph length scale it is not feasible to detect the pore size which expected 
to be in the 4-12 nm range. From the XRD it is evident that, although impure, BaTiO3 particles 
were produced during the solvothermal synthesis. It is likely that the darker spots, indicated by the 
arrows in Figure 6-3 (b), are BaTiO3 nanoparticles. However, it was not possible to infer if any 
particles grew specifically inside the silica pores.  
 
Figure 6-3: Bright Field TEM of BaTiO3/Silica composite 
 BATIO3/SPIN-ON-GLASS COMPOSITE 
This goal of this experiment was to make a ceramic/ceramic composite where FE BaTiO3 
nanoparticles are embedded within a spin-on-glass (SOG) dielectric matrix, as shown in Figure 
6-4. The experimental method is inspired by the synthesis mechanism for an SOG film based 
dielectric film with embedded Pt nanoparticles that function as charge storage centers[163].These 
storage centers allow charges in the deep level traps of the crystal making them less susceptible to 
the impact of stress-induced leakage current [164]. 
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Figure 6-4: Schematic of BaTiO3/SOG composite film 
6.2.1 Spin-on Glass Experimental Procedure  
A platinized, p-doped silicon wafer was degreased using an acetone, methanol and isopropyl 
alcohol mixture. Non-doped titanate spin-on-glass (SOG Ti-100, Dessert Silicon) was brought up 
to room temperature, slowly. The wafer was loaded and centered on a vacuum chuck. SOG was 
dispensed to cover 80% of the wafer. The wafer was pre-spun for 5 seconds and then spun at 3500 
RPM for 30 seconds to yield a 200 nm thick film. The wafer was then baked (in air, on a hotplate) 
at 200 °C for 5 minutes. After returning to room temperature the wafer was cured in N2 atmosphere 
for 1 hour at 425 °C. No more than 2 hours of queue time was allowed between baking and curing. 
6.2.2 Composite Experimental Procedure 
A design of experiment (DOE) was performed to determine the spin rate, ramp rate and spin rate 
of BaTiO3 precursor deposition what would yield a crake-free, densely uniform particle film. It 
was found that a spin rate of 3000 RPM, ramp rate of 1000 RPM/sec and spin time of 60 seconds 
yields the most uniform (non-agglomerated) and dense particle film. To deposit a uniform BaTiO3 
film a 1% wt/wt solution of BaTiO3 nanoparticles (Inframat Advanced MaterialsTM) in ethanol was 
ultra-sonicated for 30 minutes to reduce agglomeration and create a solution of suspended 
particles. The solution was spun onto a platinized silicon wafer with a 200 nm SOG film at 3000 
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RPM for 60 seconds. This step was repeated until the desired density of particles was achieved. A 
top layer of SOG was spun on the particles at 6000 RPM for 20 seconds. The film was then 
annealed at 425 °C for 1 hour in a Tystar 8300 furnace. Gold top contact electrodes were thermally 
evaporated onto the film using lift-off photolithography to define the capacitor.  
6.2.2.1 Design of Experiments 
The goal of this DOE was to generate an even, dense distribution of BaTiO3 particles on an SOG 
coated platinized silicon wafer. To achieve the highest quality film the spin rate, ramp rate, time 
and number of layers were varied. Table 6-1 lists the experimental parameters for each trial.  
Table 6-1: DOE trials conducted to achieve a crack-free SOG composite film 



















1 1700 1000 20 1x     
2 1700 1000 20 1x     
3 3000 1000 20 1x     
4 3000 1000 20 1x     
5 1700 5000 20 1x     
6 1700 5000 20 1x     
7 3000 5000 20 1x     
8 3000 5000 20 1x     
9 1700 1000 60 1x     
10 1700 1000 60 1x     
11 3000 1000 60 1x     
12 3000 1000 60 1x     
13 1700 5000 60 1x     
14 1700 5000 60 1x     
15 3000 5000 60 1x     
16 3000 5000 60 1x     
17 1700 1000 60 1x 3000 8000 20 1x 
18 3000 1000 60 1x 3000 5000 20 1x 
19 3000 1000 60 1x 6000 8000 20 1x 
20 3000 1000 60 1x 6000 8000 20 1x 
21 3000 1000 60 1x     
22 1700 1000 60 1x     
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23 3000 1000 60 1x     
24 3000 1000 60 1x 6000 8000 20 1x 
25 3000 1000 60 1x 8000 8000 20 1x 
26 3000 1000 60 1x 6000 8000 20 1x 
27     5000 6000 20 1x 
28 1700 1000 60 1x     
29     6000 8000 20 1x 
30 5000 2500 60 1x 6000 8000 20 1x 
31 5000 2500 60 1x 6000 8000 20 2x 
32 5000 250 60 2x 6000 8000 20 1x 
33 5000 250 60 2x 6000 8000 20 2x 
34     6000 8000 20 1x 
35     6000 8000 20 2x 
36 3000 1000 60 6x 6000 8000 20 3x 
37 3000 1000 60 2x 6000 8000 20 3x 
38 3000 1000 60 6x 6000 8000 20 1x 
39 3000 1000 60 2x 6000 8000 20 1x 
40 3000 1000 60 2x     
41 3000 1000 60 4x     
42 3000 1000 60 1x     
43 3000 1000 60 3x     
44 3000 1000 60 3x 6000 6000 20  
45 3000 1000 60 2x 6000 6000 20 1x 
46 3000 1000 60 2x 6000 6000 20 1x 
47 3000 1000 60 2x 6000 6000 20 1x 
48 3000 1000 60 4x 6000 6000 20 1x 
49 3000 1000 60 4x 6000 6000 20 1x 
50 3000 1000 60 1x 6000 6000 20 1x 
51 3000 1000 60 1x 6000 6000 20 1x 
52 3000 1000 60 1x 6000 6000 20 1x 
53 3000 1000 60 2x 6000 6000 20 1x 
54 3000 1000 60 2x 6000 6000 20 1x 
 
6.2.3 Results and Discussion 
Figure 6-5 shows an SEM image of samples 20 and 23 in the DOE attempting to achieve a 
composite SOG film without any cracks. Including this sample, none of the samples in this DOE 
achieved a crack-free film. This is likely due to the high density of agglomerated nanoparticles 
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shown in sites 1 and 2 in Figure 6-5. Despite several hours of ultra-sonication the BaTiO3 -ethanol 
solution there was reaming nanoparticle agglomeration that cause micro-cracking in the SOG film. 
This composite structure is ineffective as a reduced leakage capacitor if the cracks would cause it 
to short circuit. The agglomerated particles caused uneven solvent evaporation in the SOG 
resulting in cracked films. 
 
Figure 6-5: Secondary electron SEM of BaTiO3/SOG composite (a) sample 23 with one layer of 
BaTiO3 particles (b) sample 20 with BaTiO3 particles and SOG top layer 
 BATIO3/HFO2 COMPOSITE 
Learning from the shortcomings of the first two experiments this final section describes a 
mechanical approach to synthesize a FE/DE composite. The goal was to deposit a dense BaTiO3 
film that is coalesced by ALD HfO2 as depicted by the schematic in Figure 6-6 
 
Figure 6-6: Schematic diagram illustrating a new approach for preparing ferroelectric 
nanocomposites. A 0.8 µm thick BaTiO3 nanoparticle film is deposited on a silicon substrate by 
electro-spraying a solution of suspended particles. A 50nm thick HfO2 layer is deposited by 
several cycles of ALD on the BaTiO3 nanoparticle film. 
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6.3.1 Evaporation procedure 
Using the particle diameter, density, vial surface area and a maximum spherical packing factor of 
~74% a specific mass of BaTiO3 (Inframat Advanced MaterialsTM) particles was weighed out to 
yield the desired film thickness in accordance to Table 6-2. Ethanol (2 mL) was added to each vial 
and the solution was ultra-sonicated for 30 minutes. The solution was allowed to evaporate under 
ambient conditions for 120 hours. Once all the liquid evaporated the films were further dried in a 
hotplate for 1 hour at 100 °C to further drive off any remaining solvent. HfO2 was deposited by 
ALD according to procedure in Chapter 3. 
Table 6-2: Specifications for evaporated film samples 
Sample Mass (g) Thickness (µm) 
1 0.0013 1 
2 0.0026 2 
3 0.0065 3 
4 0.04 30 
6.3.2 Results and Discussion 
SEM(Zeiss Auriga scanning electron microscope ) images reveal that a dense film was deposited 
on the substrate with an average film thickness of 1 µm. However the SEM also shows that particle 
deposition was not uniform (Figure 6-7) leaving parts of the substrate area uncoated. It was not 
possible to make a device with these films without short circuiting of the device. The non-




Figure 6-7: In Lens SEM Image of sample (1) of evaporated films 
PFM (Bruker Dimension Icon) was used to measure the switching properties of the 
evaporated film. It was not possible to deposit contacts onto the evaporated film making it difficult 
to measure any electronic properties.  Therefore PFM was used such that the electrically biased tip 
functions as the top electrode to probe the material. PFM reveals 180° switching which is 
indicative of ferroelectric behavior. The amplitude scans also reveal piezoelectric activity 
indicating that the BaTiO3 is responding piezoelectrically to the electrical stimulus.  
 
Figure 6-8: (a) amplitude and (b) phase PFM measurement of evaporated film 
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6.3.3 Electrospray/ALD Experimental Procedure 
A platinum bottom electrode was sputter deposited (Unaxis Clusterline 200) at 500 °C in a Ar:O2 
plasma from a platinum target to a thickness of 100 nm onto a (100) silicon substrate (boron p-
doped, University Wafer, Inc). BaTiO3 nanoparticles, 100 nm in diameter, were purchased from 
Inframat Advanced MaterialsTM. A 1% wt/wt solution of BaTiO3 nanoparticles in ethanol was 
ultra-sonicated for 30 minutes to reduce agglomeration and create a solution of suspended 
particles. The liquid suspension was electrospray deposited onto a substrate. Figure 6-9 shows a 
detailed image of the custom experimental set up. A liquid solution was pushed through a capillary 
at a constant flow rate. The liquid was wired to a 5 kV bias to aerosolize the solution into a jet 
spray of charged droplets that are then deposited onto a charged substrate. The thickness of the 
deposited film was controlled by regulating the voltage and the deposition time. Once deposited, 
the sample was placed on a hotplate at 90 °C for 15 minutes to drive off any remaining solvent.  
 
Figure 6-9: Electrospray experimental setup 
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HfO2 was conformally deposited on the BaTiO3 particles at a substrate temperature of 200 
°C by ALD (Kurt J. Lesker Company ALD-150LX). Water was used as the oxygen precursor. The 
HfO2 precursor was tetrakis (dimethylamido) hafnium (IV), (TDMAH, 98+%, Strem Chemicals, 
Inc). In the first cycle TDMAH was heated to 82 °C, pulsed from vapor-draw style source for 0.25 
seconds followed by a 5 second purge. In the second cycle demineralized water at room 
temperature was then pulsed for 0.3 seconds from a vapor-draw style source followed by a 10 
second purge. The cycles were repeated 550 times to yield an HfO2 thickness of 50 nm. Top 
electrode structures are defined using photolithography and lift-off. The platinum top electrodes 
are evaporated (Kurt J. Lesker Company PRO Line PVD 75) at 25 °C.  
6.3.3.1 Materials characterization 
SEM (Zeiss Auriga scanning electron microscope) micrographs were taken to assess film 
uniformity. Figure 6-10 shows that a dense, uniform particle film was deposited onto the substrate 
with a thickness of ~800 nm. A focused ion beam SEM (FEI Helios Nanolab 460F1) was used to 
prepare the samples for TEM. TEM (FEI Talos F200X Scanning and transmission electron 
microscope) reveals that BaTiO3 is crystalline with average particle size of 114 nm (Figure 6-11). 
TEM confirmed that the ALD HfO2 uniformly coated each particle and created a capping layer on 
the nanoparticle film [Figure 6-12 (b)]. The core-shell thickness of HfO2 is 20 nm while the top 
layer thickness is 70 nm. Energy dispersive x-ray chemical mapping in Figure 6-13 also supports 
HfO2 coating the entire particle 
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Figure 6-12: STEM image of cross section of BaTiO3- HfO2 composite film 
 
 
Figure 6-13: Energy dispersive x-ray chemical mapping 
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Figure 6-14: HRTEM of Core-shell Interface 
 
 
Figure 6-15: HRTEM Image of HfO2 Shell 
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6.3.3.2 Electrical Characterization 
The C-V characteristics of the composite was measured at a sweep rate of 0.2 V/step at 10 kHz 
and at 1 V/step at 1 kHZ. Figure 6-16 (a) shows the gate voltage is swept from negative to positive 
voltage and then back to negative. In the negative bias region negative charge builds up on the 
BaTiO3 side of the BaTiO3 and HfO2 interface. As the voltage is swept electrons and hole 
recombine leaving the interface depleted of charge in the low capacitance region. The flatband 
voltage (𝑉m«) difference (in this case the memory window) is indicated by the voltage difference 
between the forward and reverse direction. The 𝑉m« for the 10 kHz curve is -2 V and for the 1 kHz 
curve is -2.6 V. There is a -0.6 V shift in the negative direction which is indicative of electron 
trapping in the ferroelectric layer due to the presence of Ti3+  which can be considered a deep trap 
center [163,165]. The clockwise direction of the C-V hysteresis curve is also indicative of charge 
injection into the ferroelectric particles [89]. Charge injection plays role because there is an 
imperfect interface between the HfO2 and the BaTiO3 [165]. Considering the 𝑉m«  shift with 
frequency and the role of charge injection in the direction of the curve it is likely that the memory 
window originates from mobile charges.  
The high capacitance region in Figure 6-16 (a) correlates with the high leakage current 
region in Figure 6-16 (b). At negative biases the measured dielectric constant is ~1200 which falls 
within the accepted range of reported dielectric constant values for BaTiO3 [13], while the 
minimum dielectric constant measured at positive biases was 200. Given that both BaTiO3 and 
HfO2 are crystalline (Figure 6-14) a dielectric constant of 200 corresponds to a BaTiO3/HfO2 
capacitor that is connected in series [Equation (5-1)]. A capacitor-in-series model would show that 
the thickness ratio would have to be 5:1 for this configuration of a FE/DE composite. This is in 
good agreement with the known general geometry of 100 nm BaTiO3 with 20 nm HfO2. This 
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indicates that in the absence of charge injection the system behaves as two capacitors, while at 
negative bias that change injection into the BaTiO3 disregards the capacitance of the HfO2. 
 
Figure 6-16: (a) C- and (b) I-V  response of BaTiO3/HfO2 device  
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7. Conclusions and Future Work 
This work studied the relationship between dimensionality and composition of ferroelectric 
composite systems. This was carried out by fabricating and characterizing ferroelectric 
nanocomposites using theoretical methods as a guide. Thermodynamic modeling was used to study 
the dielectric properties of bilayer films. The resulting concepts guided the fabrication of a bilayer 
film. Finally, a particle geometry was explored where ferroelectric particles were deposited onto a 
substrate and a dielectric material was conformally deposited using atomic layer deposition. 
In chapter 4 the dielectric and pyroelectric properties of a bilayer film consisting of a 
ferroelectric film with a linear dielectric were investigated theoretically. Calculations were carried 
out for multilayers consisting of PbZr0.2Ti0.8O3 with Al2O3, SiO2, HfO2, and TiO2 buffers on 
metalized silicon. It was shown that the dielectric and pyroelectric properties of such multilayers 
can be increased by the presence of the buffer compared to ferroelectric monolayers. Calculations 
for PbZr0.2Ti0.8O3 films with 1% Al2O3 interposed between electrodes on silicon show that the 
dielectric and pyroelectric coefficients are 310 and 0.070 µC/cm2 °C, respectively. Both values are 
higher than the intrinsic response of PbZr0.2Ti0.8O3 monolayer on silicon 
 Chapter 5 discussed the experimental study directed towards understanding dielectric and 
resistive switching properties of 12 different PZT (40:60)/HfO2 bilayer heterostructures grown on 
platinized silicon substrates. The relative thickness of HfO2 was varied and the dielectric and 
resistive properties were measured and compared to PZT (40:60) films grown on the same 
substrate under identical conditions. Results indicate that polarization switching can be maintained 
in bilayer films consisting of PZT (40:60) and increasing thickness of dielectric HfO2 with DE 
layer fractions of up to 8%. These films display robust ferroelectric properties, including a well-
developed polarization-applied electric field hysteresis loop with a remnant polarization of up to 
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40µC/cm2. There is a slight reduction in the remnant polarization (~28 %) compared to PZT 
(40:60). There is an increase in the coercive field in PZT (40:60)/HfO2 samples. For PZT (40:60) 
films with a 20 nm HfO2 layer the coercive field is 305 kV/cm, whereas for just PZT (40:60), the 
coercive field is 100 kV/cm. The insertion of the HfO2 layer results in a drastic reduction in the 
leakage current density. For example, leakage current density is 5.5x10-4 A/cm2 in a 250 nm film 
of PZT (40:60) compared to 8.7x10-4 A/cm2 in an equivalent film with 20 nm of HfO2. The 
permittivity and coercive field are described by a relatively simple CIS model which indicates that 
the PZT (40:60)/HfO2 bilayers are electrostatically decoupled, possibly due to trapped/bound 
charges at the FE/DE interface. Resistive switching measurements indicate that the FE film can be 
SET and RESET to two stable resistance states with at least an order of magnitude in resistance 
difference from 5x108 to 5x109 ohms. 
 Finally in Chapter 6 several different techniques were explored in order to synthesize a 
ferroelectric composite with BaTiO3 nanoparticles as the active ferroelectric. First, BaTiO3 
nanoparticles were hydrothermally grown in inside the pores of a mesoporous silica template. The 
second approach attempted to embed BaTiO3 particles in a spin-on-glass film via spin-coating. 
The third approach involved depositing BaTiO3 nanoparticles directly onto a substrate by either 
evaporation. Two techniques were attempted for this approach. First the particles were allowed to 
dissolve at ambient conditions. In the second approach the particles were deposited via 
electrospray evaporation onto a substrate followed by atomic layer deposition of HfO2 to not only 
create the composite but to mechanically bind the particles together. Microstructural and electrical 
characterization were carried out on the electrospray evaporated composite. It was found that HfO2 
conformally coats each particle, achieving the desired 0-3 composited geometry. Capacitance- 
Voltage measurement reveal a bias dependent dielectric constant with a voltage shift that is 
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indicative of an accessible memory window. These results make these composite material viable 
to memory applications such as neuromorphic computing.  
Future work 
Ferroelectrics show promise in next generation electronics and non-volatile memory applications. 
Ferroelectric composites provide a means to develop functional materials with tunable dielectric 
properties. Future fabrication of ferroelectric composites will require more control of the 
deposition process to fabricate devices with a reliable switching response in a variety of geometry 
systems. This work revealed tunable resistance and capacitance properties in both the bilayer and 
particle composite films. Future recommendations include examining different compositions to 
achieve a large and reliable resistance switching response required for memory applications.  
Summary of accomplishments  
• Theoretically described a thickness regime where ferroelectric properties can be enhanced 
through the use of a dielectric buffer layer. 
• Experimentally demonstrated bilayer thin films that behave in contradiction to the 
thermodynamic model due to electrostatic decoupling of the ferroelectric and dielectric 
layers 
• Demonstrated intermediate resistance states in a ferroelectric/dielectric bilayer as a result 
of interfacial charging that would make them useful for ReRAM applications.  
• Developed a fabrication technique where evaporated ferroelectric nanoparticles can be 
encapsulated inside a conformally coated dielectric matrix and measured tunable 




[1] U. Kushnir and O. Rabinovitch, Advanced piezoelectric–ferroelectric stack actuator, 
Sensors and Actuators A: Physical 150, 102 (2009). 
[2] P. Muralt, Ferroelectric thin films for micro-sensors and actuators: a review, Journal of 
Micromechanics and Microengineering 10, 136 (2000). 
[3] R. W. Whatmore, Pyroelectric devices and materials, Reports on Progress in Physics 49, 
1335 (1986). 
[4] G. Suchaneck and G. Gerlach, Electrocaloric cooling based on relaxor ferroelectrics, Phase 
Transitions 88, 333 (2015). 
[5] T. Yu, G. Zhang, Y. Yu, Y. Zeng, and S. Jiang, Pyroelectric energy harvesting devices 
based-on Pb[(MnxNb1−x)1/2(MnxSb1−x)1/2]y(ZrzTi1−z)1−yO3 ceramics, Sensors and 
Actuators A: Physical 223, 159 (2015). 
[6] J. F. Scott and C. A. Paz de Araujo, Ferroelectric Memories, Science 246, 1400 (1989). 
[7] O. Auciello, J. F. Scott, and R. Ramesh, The Physics of Ferroelectric Memories, Physics 
Today 51, 22 (1998). 
[8] D. Lee et al., Multilevel Data Storage Memory Using Deterministic Polarization Control, 
Advanced Materials 24, 402 (2011). 
[9] A. Chanthbouala et al., A ferroelectric memristor, Nature Materials 11, 860 (2012). 
[10] V. Garcia and M. Bibes, Ferroelectric tunnel junctions for information storage and 
processing, Nature Communications 5, 4289 (2014). 
[11] H. Lu et al., Ferroelectric tunnel junctions with graphene electrodes, Nature 
Communications 5, 5518 (2014). 
[12] B. Xu, J. Íñiguez, and L. Bellaiche, Designing lead-free antiferroelectrics for energy 
storage, Nature Communications 8, 15682 (2017). 
[13] F. Jona and G. Shirane, Ferroelectric crystals (Pergamon Press, New York, 1962), 1 edn. 
[14] E. L. Colla, S. Hong, D. V. Taylor, A. K. Tagantsev, N. Setter, and K. No, Direct 
observation of region by region suppression of the switchable polarization (fatigue) in Pb(Zr,Ti)O3 
thin film capacitors with Pt electrodes, Applied Physics Letters 72, 2763 (1998). 
[15] S. O'Brien, L. Brus, and C. B. Murray, Synthesis of Monodisperse Nanoparticles of Barium 
Titanate:  Toward a Generalized Strategy of Oxide Nanoparticle Synthesis, Journal of the 
American Chemical Society 123, 12085 (2001). 
[16] L. Huang, Z. Jia, I. Kymissis, and S. O'Brien, High K Capacitors and OFET Gate 
Dielectrics from Self-Assembled BaTiO3 and (Ba,Sr)TiO3 Nanocrystals in the Superparaelectric 
Limit, Advanced Functional Materials 20, 554 (2010). 
[17] J. Mangeri, Y. Espinal, A. Jokisaari, S. Pamir Alpay, S. Nakhmanson, and O. Heinonen, 
Topological phase transformations and intrinsic size effects in ferroelectric nanoparticles, 
Nanoscale 9, 1616 (2017). 
[18] K. F. Astafiev, V. O. Sherman, A. K. Tagantsev, and N. Setter, Can the addition of a 
dielectric improve the figure of merit of a tunable material? , Journal of the European Ceramic 
Society 23, 2381 (2003). 
[19] Y. Espinal, M. T. Kesim, I. B. Misirlioglu, S. Trolier-McKinstry, J. V. Mantese, and S. P. 
Alpay, Pyroelectric and dielectric properties of ferroelectric films with interposed dielectric buffer 
layers, Applied Physics Letters 105, 232905 (2014). 
 98 
[20] A. Grigoriev, C. Yang, M. Meisami Azad, O. Causey, D. A. Walko, D. S. Tinberg, and S. 
Trolier-McKinstry, Piezoelectric and dielectric properties of Pb(Zr,Ti)O3 ferroelectric bilayers, 
Physical Review B 91, 104106 (2015). 
[21] V. O. Sherman, A. K. Tagantsev, N. Setter, D. Iddles, and T. Price, Ferroelectric-dielectric 
tunable composites, Journal of Applied Physics 99, 074104 (2006). 
[22] A. Q. Jiang, H. J. Lee, G. H. Kim, and C. S. Hwang, The Inlaid Al2O3Tunnel Switch for 
Ultrathin Ferroelectric Films, Advanced Materials 21, 2870 (2009). 
[23] Y. J. Kim et al., Frustration of Negative Capacitance in Al2O3/BaTiO3 Bilayer Structure, 
Scientific Reports 6, 19039 (2016). 
[24] H. Khassaf, N. Khakpash, S. Vijayan, M. Aindow, and S. P. Alpay, Electrostatically driven 
dielectric anomaly in mesoscopic ferroelectric–paraelectric bilayers, Acta Materialia 105, 68 
(2016). 
[25] L. B. Kong, S. Li, T. S. Zhang, J. W. Zhai, F. Y. C. Boey, and J. Ma, Electrically tunable 
dielectric materials and strategies to improve their performances, Progress in Materials Science 
55, 840 (2010). 
[26] M. B. Okatan, J. V. Mantese, and S. P. Alpay, Polarization coupling in ferroelectric 
multilayers, Physical Review B 79, 174113 (2009). 
[27] R. Mahjoub, S. P. Alpay, and V. Nagarajan, Theory of Giant Electromechanical Response 
from Ferroelectric Bilayers with Polydomain Structures due to Interlayer and Interdomain 
Coupling, Physical Review Letters 105, 197601 (2010). 
[28] S. Zhong, Z.-G. Ban, S. P. Alpay, and J. V. Mantese, Large piezoelectric strains from 
polarization graded ferroelectrics, Applied Physics Letters 89, 142913 (2006). 
[29] X. L. Zhao, J. L. Wang, B. L. Liu, B. B. Tian, Y. H. Zou, S. Sun, J. L. Sun, X. J. Meng, 
and J. H. Chu, Enhanced dielectric and ferroelectric properties in the artificial polymer multilayers, 
Applied Physics Letters 104, 082903 (2014). 
[30] M. T. Kesim, M. W. Cole, J. Zhang, I. B. Misirlioglu, and S. P. Alpay, Tailoring dielectric 
properties of ferroelectric-dielectric multilayers, Applied Physics Letters 104, 022901 (2014). 
[31] A. R. Damodaran et al., Large polarization gradients and temperature-stable responses in 
compositionally-graded ferroelectrics, Nature Communications 8, 14961 (2017). 
[32] R. E. Newnham, D. P. Skinner, and L. E. Cross, Connectivity and piezoelectric-
pyroelectric composites, Materials Research Bulletin 13, 525 (1978). 
[33] A. Jens, L. Tobias, K. Gabi, and M. M. Robert, Ferroelectric properties of composites 
containing BaTiO 3 nanoparticles of various sizes, Nanotechnology 25, 065704 (2014). 
[34] Y. Li, Dielectric properties of binary polyvinylidene fluoride/barium titanate 
nanocomposites and their nanographite doped hybrids, eXPRESS Polymer Letters 5, 526 (2011). 
[35] K. Meeporn, P. Thongbai, T. Yamwong, and S. Maensiri, Greatly enhanced dielectric 
permittivity in La1.7Sr0.3NiO4/poly(vinylidene fluoride) nanocomposites that retained a low loss 
tangent, RSC Advances 7, 17128 (2017). 
[36] G. Zhang et al., Flexible three-dimensional interconnected piezoelectric ceramic foam 
based composites for highly efficient concurrent mechanical and thermal energy harvesting, 
Energy & Environmental Science 11, 1001 (2018). 
[37] J. Nunes-Pereira, V. Sencadas, V. Correia, J. G. Rocha, and S. Lanceros-Méndez, Energy 
harvesting performance of piezoelectric electrospun polymer fibers and polymer/ceramic 
composites, Sensors and Actuators A: Physical 196, 55 (2013). 
 99 
[38] S. Siddiqui, D.-I. Kim, L. T. Duy, M. T. Nguyen, S. Muhammad, W.-S. Yoon, and N.-E. 
Lee, High-performance flexible lead-free nanocomposite piezoelectric nanogenerator for 
biomechanical energy harvesting and storage, Nano Energy 15, 177 (2015). 
[39] K. Yu, Y. Bai, Y. Zhou, Y. Niu, and H. Wang, Poly(vinylidene fluoride) polymer based 
nanocomposites with enhanced energy density by filling with polyacrylate elastomers and BaTiO3 
nanoparticles, Applied Physics Letters 104, 082904 (2014). 
[40] X. Li, O. Niitsoo, and A. Couzis, Electrostatically assisted fabrication of silver–dielectric 
core/shell nanoparticles thin film capacitor with uniform metal nanoparticle distribution and 
controlled spacing, Journal of Colloid and Interface Science 465, 333 (2016). 
[41] Y. Qiao, X. Yin, L. Wang, M. S. Islam, B. C. Benicewicz, H. J. Ploehn, and C. Tang, 
Bimodal Polymer Brush Core–Shell Barium Titanate Nanoparticles: A Strategy for High-
Permittivity Polymer Nanocomposites, Macromolecules 48, 8998 (2015). 
[42] X. Huang and P. Jiang, Core–Shell Structured High-k Polymer Nanocomposites for Energy 
Storage and Dielectric Applications, Advanced Materials 27, 546 (2014). 
[43] S. Ramesh, B. A. Shutzberg, C. Huang, G. Jie, and E. P. Giannelis, Dielectric 
nanocomposites for integral thin film capacitors: materials design, fabrication and integration 
issues, IEEE Transactions on Advanced Packaging 26, 17 (2003). 
[44] P. Kim, S. C. Jones, P. J. Hotchkiss, J. N. Haddock, B. Kippelen, S. R. Marder, and J. W. 
Perry, Phosphonic Acid-Modified Barium Titanate Polymer Nanocomposites with High 
Permittivity and Dielectric Strength, Advanced Materials 19, 1001 (2007). 
[45] S. A. Paniagua, Y. Kim, K. Henry, R. Kumar, J. W. Perry, and S. R. Marder, Surface-
Initiated Polymerization from Barium Titanate Nanoparticles for Hybrid Dielectric Capacitors, 
ACS Applied Materials & Interfaces 6, 3477 (2014). 
[46] W. C. Gan and W. H. Abd. Majid, Enhancing pyroelectric and ferroelectric properties of 
PVDF composite thin films by dispersing a non-ferroelectric inclusion La2O3 for application in 
sensors, Organic Electronics 26, 121 (2015). 
[47] D. Hu, H. Ma, Y. Tanaka, L. Zhao, and Q. Feng, Ferroelectric Mesocrystalline 
BaTiO3/SrTiO3 Nanocomposites with Enhanced Dielectric and Piezoelectric Responses, 
Chemistry of Materials 27, 4983 (2015). 
[48] D. Hu et al., Topological relations and piezoelectric responses of crystal-axis-oriented 
BaTiO3/CaTiO3 nanocomposites, RSC Advances 7, 30807 (2017). 
[49] M. Airimioaei, M. T. Buscaglia, I. Tredici, U. Anselmi-Tamburini, C. E. Ciomaga, L. 
Curecheriu, A. Bencan, V. Buscaglia, and L. Mitoseriu, SrTiO3-BaTiO3 nanocomposites with 
temperature independent permittivity and linear tunability fabricated using field-assisted sintering 
from chemically synthesized powders, Journal of Materials Chemistry C 5, 9028 (2017). 
[50] W. Zhang, H. Ma, S. Li, D. Hu, X. Kong, S. Uemura, T. Kusunose, and Q. Feng, 
Anomalous piezoelectric response of ferroelectric mesocrystalline BaTiO3/Bi0.5Na0.5TiO3 
nanocomposites designed by strain engineering, Nanoscale 10, 8196 (2018). 
[51] S. Ueno, Y. Sakamoto, K. Nakashima, and S. Wada, Low-temperature fabrication of 
titanium metal/barium titanate composite capacitors via hydrothermal method and their dielectric 
properties, Journal of the Ceramic Society of Japan 122, 447 (2014). 
[52] J. Guo, B. Legum, B. Anasori, K. Wang, P. Lelyukh, Y. Gogotsi, and C. A. Randall, Cold 
Sintered Ceramic Nanocomposites of 2D MXene and Zinc Oxide, Advanced Materials 0, 1801846 
(2018). 
[53] K. Binder, Surface effects on phase transitions in ferroelectrics and antiferroelectrics, 
Ferroelectrics 35, 99 (1981). 
 100 
[54] K. Ishikawa, T. Nomura, N. Okada, and K. Takada, Size Effect on the Phase Transition in 
P b T i O 3 Fine Particles, Japanese Journal of Applied Physics 35, 5196 (1996). 
[55] T. M. Shaw, S. Troiler-Mckinstry, and P. C. McIntyre, Properties of Ferroelectric Films at 
Small Dimensions, Annual Review of Material Science 30, 263 (2000). 
[56] G. Arlt, D. Hennings, and G. de With, Dielectric properties of fine- grained barium titanate 
ceramics, Journal of Applied Physics 58, 1619 (1985). 
[57] R. E. Cohen, Origin of ferroelectricity in perovskite oxides, Nature 358, 136 (1992). 
[58] H. Fu and L. Bellaiche, Ferroelectricity in Barium Titanate Quantum Dots and Wires, 
Physical Review Letters 91, 257601 (2003). 
[59] E. K. Akdogan, C. J. Rawn, W. D. Porter, E. A. Payzant, and A. Safari, Size effects in 
PbTiO3 nanocrystals: Effect of particle size on spontaneous polarization and strains, Journal of 
Applied Physics 97, 084305 (2005). 
[60] D. McCauley, E. Newnham Robert, and A. Randall Clive, Intrinsic Size Effects in a 
Barium Titanate Glass-Ceramic, Journal of the American Ceramic Society 81, 979 (1998). 
[61] T. Tybell, C. H. Ahn, and J. M. Triscone, Ferroelectricity in thin perovskite films, Applied 
Physics Letters 75, 856 (1999). 
[62] J. Junquera and P. Ghosez, Critical thickness for ferroelectricity in perovskite ultrathin 
films, Nature 422, 506 (2003). 
[63] M. E. Lines and A. M. Glass, Principles and Applications of Ferroelectrics and Related 
Materials (Oxford University Press, Oxford, 2001), 1 edn. 
[64] J. Rodrı́guez Contreras, H. Kohlstedt, U. Poppe, R. Waser, C. Buchal, and N. A. Pertsev, 
Resistive switching in metal–ferroelectric–metal junctions, Applied Physics Letters 83, 4595 
(2003). 
[65] A. Sawa, Resistive switching in transition metal oxides, Materials Today 11, 28 (2008). 
[66] S. Boyn et al., Learning through ferroelectric domain dynamics in solid-state synapses, 
Nature Communications 8, 14736 (2017). 
[67] B. A. Wechsler, D. Rytz, M. B. Klein, and R. N. Schwartz,  Materials for Nonlinear Optics 
(American Chemical Society, 1991),455 pp. 394. 
[68] K. Maeda, Rhodium-Doped Barium Titanate Perovskite as a Stable p-Type Semiconductor 
Photocatalyst for Hydrogen Evolution under Visible Light, ACS Applied Materials & Interfaces 
6, 2167 (2014). 
[69] K. Suzuki and K. Kijima, Optical Band Gap of Barium Titanate Nanoparticles Prepared by 
RF-plasma Chemical Vapor Deposition, Japanese Journal of Applied Physics 44, 2081 (2005). 
[70] Y. He, Heat capacity, thermal conductivity, and thermal expansion of barium titanate-based 
ceramics, Thermochimica Acta 419, 135 (2004). 
[71] I. Grinberg, V. R. Cooper, and A. M. Rappe, Oxide chemistry and local structure of 
PbZrxTi(1−x)O3  studied by density-functional theory supercell calculations, Physical Review B 69, 
144118 (2004). 
[72] B. Jaffe, W. R. Cook, and H. L. Jaffe, Piezoelectric ceramics (Academic Press, London; 
New York, 1971). 
[73] G. W. Watson and S. C. Parker, Origin of the Lone Pair of α-PbO from Density Functional 
Theory Calculations, The Journal of Physical Chemistry B 103, 1258 (1990). 
[74] L. Solymar and D. Walsh, Electrical Properties of Materials (Oxford University Press, 
New York, 2010), 8 edn. 
 101 
[75] B. Hanrahan, Y. Espinal, C. Neville, R. Rudy, M. Rivas, A. Smith, M. T. Kesim, and S. P. 
Alpay, Accounting for the various contributions to pyroelectricity in lead zirconate titanate thin 
films, Journal of Applied Physics 123, 124104 (2018). 
[76] D. Damjanovic, Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin 
films and ceramics, Reports on Progress in Physics 61, 1267 (1998). 
[77] R. Sano, J.-i. Inoue, K. Kanda, T. Fujita, and K. Maenaka, Fabrication of multilayer 
Pb(Zr,Ti)O 3 thin film by sputtering deposition for MEMS actuator applications, Japanese Journal 
of Applied Physics 54, 10ND03 (2015). 
[78] R. Bouregba, G. Poullain, B. Vilquin, and H. Murray, Orientation control of textured PZT 
thin films sputtered on silicon substrate with TiOx seeding, Materials Research Bulletin 35, 1381 
(2000). 
[79] Q. Zhang, D. Sando, and V. Nagarajan, Chemical route derived bismuth ferrite thin films 
and nanomaterials, Journal of Materials Chemistry C 4, 4092 (2016). 
[80] L. M. Sanchez, D. M. Potrepka, G. R. Fox, I. Takeuchi, K. Wang, L. A. Bendersky, and R. 
G. Polcawich, Optimization of PbTiO3 seed layers and Pt metallization for PZT-based 
piezoMEMS actuators, Journal of Materials Research 28, 1920 (2013). 
[81] M. Ahonen, M. Pessa, and T. Suntola, A study of ZnTe films grown on glass substrates 
using an atomic layer evaporation method, Thin Solid Films 65, 301 (1980). 
[82] T. Suntola, Atomic layer epitaxy, Materials Science Reports 4, 261 (1989). 
[83] H. Kim, Atomic layer deposition of metal and nitride thin films: Current research efforts 
and applications for semiconductor device processing, Journal of Vacuum Science & Technology 
B: Microelectronics and Nanometer Structures Processing, Measurement, and Phenomena 21, 
2231 (2003). 
[84] M. Leskelä and M. Ritala, Atomic Layer Deposition Chemistry: Recent Developments and 
Future Challenges, Angewandte Chemie International Edition 42, 5548 (2003). 
[85] R. L. Puurunen, Surface chemistry of atomic layer deposition: A case study for the 
trimethylaluminum/water process, Journal of Applied Physics 97, 121301 (2005). 
[86] T. Watanabe, S. Hoffmann-Eifert, S. Mi, C. Jia, R. Waser, and C. S. Hwang, Growth of 
ternary PbTiOx films in a combination of binary oxide atomic layer depositions, Journal of 
Applied Physics 101, 014114 (2007). 
[87] J. H. Choi, F. Zhang, Y.-C. Perng, and J. P. Chang, Tailoring the composition of lead 
zirconate titanate by atomic layer deposition, Journal of Vacuum Science & Technology B 31, 
012207 (2013). 
[88] N. M. Sbrockey, G. S. Tompa, R. Lavelle, K. A. Trumbull, M. A. Fanton, D. W. Snyder, 
R. G. Polcawich, and D. M. Potrepka, Atomic layer deposition of PbTiO3 and PbZrXTi1-XO3 films 
using metal alkyl and alkylamide precursors, Journal of Vacuum Science & Technology A 36, 
031509 (2018). 
[89] F. Zhang et al., Atomic layer deposition of Pb(Zr,Ti)Ox on 4H-SiC for metal-ferroelectric-
insulator-semiconductor diodes, Journal of Applied Physics 109, 124109 (2011). 
[90] M. Ohring,  Materials Science of Thin Films edited by M. Ohring (Academic Press, San 
Diego, 2002), 2 edn.pp. 95. 
[91] I. K. Yoo, Testing and Characterization of Ferroelectric Thin Film Capacitors (Springer, 
Boston, 2004), Vol. 1, Nanoscale Phenomena in Ferroelectric Thin Films,  p.^pp. 1. 
[92] J. Evans,  (Radiant Technologies, Inc., 2011). 
[93] M. Dulik and S. Jurecka, in 2014 ELEKTRO2014), pp. 640. 
 102 
[94] O. G. Vendik, L. T. Ter-Martirosyan, and S. P. Zubko, Microwave losses in incipient 
ferroelectrics as functions of the temperature and the biasing field, Journal of Applied Physics 84, 
993 (1998). 
[95] S. Hoon Oh and H. M. Jang, Two-dimensional thermodynamic theory of epitaxial 
Pb(Zr,Ti)O3 thin films, Physical Review B 62, 14757 (2000). 
[96] H.-X. Cao, V. C. Lo, and W. W. Y. Chung, Investigation of electromechanical properties 
in ferroelectric thin films using Monte Carlo simulation, Journal of Applied Physics 99, 024103 
(2006). 
[97] S. P. Beckman, L. F. Wan, J. A. Barr, and T. Nishimatsu, Effective Hamiltonian methods 
for predicting the electrocaloric behavior of BaTiO3, Materials Letters 89, 254 (2012). 
[98] M. Valant, A.-K. Axelsson, F. Le Goupil, and N. M. Alford, Electrocaloric temperature 
change constrained by the dielectric strength, Materials Chemistry and Physics 136, 277 (2012). 
[99] M. Ožbolt, A. Kitanovski, J. Tušek, and A. Poredoš, Electrocaloric vs. magnetocaloric 
energy conversion, International Journal of Refrigeration 37, 16 (2014). 
[100] S.-G. Yoon and A. Safari, (Ba0.5, Sr0.5)TiO3 thin film preparation by r.f. magnetron 
sputtering and its electric properties, Thin Solid Films 254, 211 (1995). 
[101] C.-R. Cho, W.-J. Lee, B.-G. Yu, and B.-W. Kim, Dielectric and ferroelectric response as a 
function of annealing temperature and film thickness of sol-gel deposited Pb(Zr0.52Ti0.48)O3 thin 
film, Journal of Applied Physics 86, 2700 (1999). 
[102] J. Celinska, V. Joshi, S. Narayan, L. McMillan, and C. Paz de Araujo, Effects of scaling 
the film thickness on the ferroelectric properties of SrBi2Ta2O9 ultra thin films, Applied Physics 
Letters 82, 3937 (2003). 
[103] G. W. Pabst, L. W. Martin, Y.-H. Chu, and R. Ramesh, Leakage mechanisms in BiFeO3 
thin films, Applied Physics Letters 90, 072902 (2007). 
[104] S. K. Sahoo, D. Misra, D. C. Agrawal, Y. N. Mohapatra, S. B. Majumder, and R. S. Katiyar, 
Leakage mechanism of Ba0.8Sr0.2TiO3/ZrO2 multilayer thin films, Journal of Applied Physics 108, 
074112 (2010). 
[105] R. Waser, T. Baiatu, and K.-H. Härdtl, dc Electrical Degradation of Perovskite-Type 
Titanates: I, Ceramics, Journal of the American Ceramic Society 73, 1645 (1990). 
[106] R. Waser, T. Baiatu, and K.-H. Härdtl, dc Electrical Degradation of Perovskite-Type 
Titanates: II, Single Crystals, Journal of the American Ceramic Society 73, 1654 (1990). 
[107] T. Baiatu, R. Waser, and K.-H. Härdtl, dc Electrical Degradation of Perovskite-Type 
Titanates: III, A Model of the Mechanism, Journal of the American Ceramic Society 73, 1663 
(1990). 
[108] I. B. Misirlioglu and M. Yildiz, Carrier accumulation near electrodes in ferroelectric films 
due to polarization boundary conditions, Journal of Applied Physics 116, 024102 (2014). 
[109] A. Roy, A. Dhar, D. Bhattacharya, and S. K. Ray, Structural and electrical properties of 
metal–ferroelectric–insulator–semiconductor structure of Al/SrBi2Ta2O9 /HfO2 /Si using HfO2 as 
buffer layer, Journal of Physics D: Applied Physics 41, 095408 (2008). 
[110] V. Reymond, D. Michau, S. Payan, and M. Maglione, Improving the dielectric losses of 
(Ba,Sr)TiO3 thin films using a SiO2 buffer layer, Ceramics International 30, 1085 (2004). 
[111] C. L. Sun, S. Y. Chen, M. Y. Yang, and A. Chin, Characteristics of Pb(Zr0.53Ti0.47)O3 on 
Metal and Al2O3/Si Substrates, Journal of The Electrochemical Society 148, F203 (2001). 
[112] K.-J. Choi, W.-C. Shin, J.-H. Yang, and S.-G. Yoon, Metal/ ferroelectric/ insulator/ 
semiconductor structure of Pt/SrBi2Ta2O9/YMnO3/Si using YMnO3 as the buffer layer, Applied 
Physics Letters 75, 722 (1999). 
 103 
[113] M. W. Cole, E. Ngo, C. Hubbard, S. G. Hirsch, M. Ivill, W. L. Sarney, J. Zhang, and S. P. 
Alpay, Enhanced dielectric properties from barium strontium titanate films with strontium titanate 
buffer layers, Journal of Applied Physics 114, 164107 (2013). 
[114] S. S. Ahmed, J. P. Denton, and G. W. Neudeck, Nitrided thermal SiO2 for use as top and 
bottom gate insulators in self-aligned double gate silicon-on-insulator metal–oxide–semiconductor 
field effect transistor, Journal of Vacuum Science & Technology B: Microelectronics and 
Nanometer Structures Processing, Measurement, and Phenomena 19, 800 (2001). 
[115] A. M. Bratkovsky and A. P. Levanyuk, Continuous Theory of Ferroelectric States in 
Ultrathin Films with Real Electrodes, Journal of Computational and Theoretical Nanoscience 6, 
465 (2009). 
[116] N. A. Pertsev, P. E. Janolin, J. M. Kiat, and Y. Uesu, Enhancing permittivity of ferroelectric 
superlattices via composition tuning, Physical Review B 81, 144118 (2010). 
[117] I. B. Misirlioglu, M. Alexe, L. Pintilie, and D. Hesse, Space charge contribution to the 
apparent enhancement of polarization in ferroelectric bilayers and multilayers, Applied Physics 
Letters 91, 022911 (2007). 
[118] N. A. Pertsev, A. G. Zembilgotov, and A. K. Tagantsev, Effect of Mechanical Boundary 
Conditions on Phase Diagrams of Epitaxial Ferroelectric Thin Films, Physical Review Letters 80, 
1988 (1998). 
[119] J. Zhang, M. W. Cole, and S. P. Alpay, Pyroelectric properties of barium strontium titanate 
films: Effect of thermal stresses, Journal of Applied Physics 108, 054103 (2010). 
[120] M. T. Kesim, J. Zhang, S. Trolier-McKinstry, J. V. Mantese, R. W. Whatmore, and S. P. 
Alpay, Pyroelectric response of lead zirconate titanate thin films on silicon: Effect of thermal 
stresses, Journal of Applied Physics 114, 204101 (2013). 
[121] M. J. Haun, Z. Q. Zhuang, E. Furman, S. J. Jang, and L. E. Cross, Thermodynamic theory 
of the lead zirconate-titanate solid solution system, part III: Curie constant and sixth-order 
polarization interaction dielectric stiffness coefficients, Ferroelectrics 99, 45 (1989). 
[122] W. Liu, J. Soo Ko, and W. Zhu, Preparation and properties of multilayer 
Pb(Zr,Ti)O3/PbTiO3 thin films for pyroelectric application, Thin Solid Films 371, 254 (2000). 
[123] R. W. Whatmore, Pyroelectric Devices and Materials, Rep. Prog. Phys. 49, 1335 (1986). 
[124] Z. Xu, D. Yan, D. Xiao, P. Yu, and J. Zhu, Temperature field and residual stress analysis 
of multilayer pyroelectric thin film, Ceramics International 38, 981 (2012). 
[125] R. W. Whatmore, P. C. Osbond, and N. M. Shorrocks, Ferroelectric materials for thermal 
IR detectors, Ferroelectrics 76, 351 (1987). 
[126] G. Sebald, E. Lefeuvre, and D. Guyomar, Pyroelectric energy conversion: Optimization 
principles, IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control 55, 538 
(2008). 
[127] R. W. Whatmore, Pyroelectric Arrays: Ceramics and Thin Films, Journal of 
Electroceramics 13, 139 (2004). 
[128] M. Dawber, K. M. Rabe, and J. F. Scott, Physics of thin-film ferroelectric oxides, Reviews 
of Modern Physics 77, 1083 (2005). 
[129] M. B. Okatan and S. P. Alpay, Imprint in ferroelectric materials due to space charges: A 
theoretical analysis, Applied Physics Letters 95, 092902 (2009). 
[130] N. Izyumskaya, Y. I. Alivov, S. J. Cho, H. Morkoç, H. Lee, and Y. S. Kang, Processing, 
Structure, Properties, and Applications of PZT Thin Films, Critical Reviews in Solid State and 
Materials Sciences 32, 111 (2007). 
 104 
[131] M. H. Corbett, R. M. Bowman, J. M. Gregg, and D. T. Foord, Enhancement of dielectric 
constant and associated coupling of polarization behavior in thin film relaxor superlattices, 
Applied Physics Letters 79, 815 (2001). 
[132] M. Dawber, N. Stucki, C. Lichtensteiger, S. Gariglio, P. Ghosez, and J. M. Triscone, 
Tailoring the Properties of Artificially Layered Ferroelectric Superlattices, Advanced Materials 
19, 4153 (2007). 
[133] H. M. Christen, E. D. Specht, S. S. Silliman, and K. S. Harshavardhan, Ferroelectric and 
antiferroelectric coupling in superlattices of paraelectric perovskites at room temperature, Physical 
Review B 68, 020101 (2003). 
[134] O. Nakagawara, T. Shimuta, T. Makino, S. Arai, H. Tabata, and T. Kawai, Epitaxial growth 
and dielectric properties of (111) oriented BaTiO3/SrTiO3 superlattices by pulsed-laser deposition, 
Applied Physics Letters 77, 3257 (2000). 
[135] P. Zubko, N. Stucki, C. Lichtensteiger, and J. M. Triscone, X-Ray Diffraction Studies of 
180 degree Ferroelectric Domains in PbTiO3 / SrTiO3 Superlattices under an Applied Electric 
Field, Physical Review Letters 104, 187601 (2010). 
[136] T. Harigai, S.-M. Nam, H. Kakemoto, S. Wada, K. Saito, and T. Tsurumi, Structural and 
dielectric properties of perovskite-type artificial superlattices, Thin Solid Films 509, 13 (2006). 
[137] J. Robertson, High dielectric constant oxides, The European Physical Journal Applied 
Physics 28, 265 (2004). 
[138] C. H. L. Goodman and M. V. Pessa, Atomic layer epitaxy, Journal of Applied Physics 60, 
R65 (1986). 
[139] C.-L. Jia, K. W. Urban, M. Alexe, D. Hesse, and I. Vrejoiu, Direct Observation of 
Continuous Electric Dipole Rotation in Flux-Closure Domains in Ferroelectric Pb(Zr,Ti)O3, 
Science 331, 1420 (2011). 
[140] I. B. Misirlioglu and S. P. Alpay, Compositionally graded ferroelectrics as wide band gap 
semiconductors: Electrical domain structures and the origin of low dielectric loss, Acta Materialia 
122, 266 (2017). 
[141] M. B. Okatan, A. L. Roytburd, J. V. Mantese, and S. P. Alpay, Domain engineering in 
compositionally graded ferroelectric films for enhanced dielectric response and tunability, Journal 
of Applied Physics 105, 114106 (2009). 
[142] A. K. Yadav et al., Observation of polar vortices in oxide superlattices, Nature 530, 198 
(2016). 
[143] S. Hong, S. M. Nakhmanson, and D. D. Fong, Screening mechanisms at polar oxide 
heterointerfaces, Rep Prog Phys 79, 076501 (2016). 
[144] A. K. Tagantsev, M. Landivar, E. Colla, and N. Setter, Identification of passive layer in 
ferroelectric thin films from their switching parameters, Journal of Applied Physics 78, 2623 
(1995). 
[145] F. C. Sun, M. T. Kesim, Y. Espinal, and S. P. Alpay, Are ferroelectric multilayers 
capacitors in series? , Journal of Materials Science 51, 499 (2015). 
[146] A. M. Bratkovsky and A. P. Levanyuk, Very large dielectric response of thin ferroelectric 
films with the dead layers, Physical Review B 63 (2001). 
[147] I. B. Misirlioglu, C. Sen, M. T. Kesim, and S. P. Alpay, Low-voltage ferroelectric–
paraelectric superlattices as gate materials for field-effect transistors, Journal of Materials Science 
51, 487 (2016). 
 105 
[148] O. Mohammadmoradi, C. Sen, A. G. Boni, L. Pintilie, and I. B. Misirlioglu, Strong 
composition dependence of resistive switching in Ba1-xSrxTiO3 thin films on semiconducting 
substrates and its thermodynamic analysis, Acta Materialia 148, 419 (2018). 
[149] J. P. Silva, F. L. Faita, K. Kamakshi, K. C. Sekhar, J. A. Moreira, A. Almeida, M. Pereira, 
A. A. Pasa, and M. J. Gomes, Enhanced resistive switching characteristics in Pt/BaTiO3/ITO 
structures through insertion of HfO2:Al2O3 (HAO) dielectric thin layer, Scientific Reports 7, 
46350 (2017). 
[150] I. K. Yoo,  Nanoscale Phenomena in Ferroelectric Thin Films, edited by S. Hong (Springer 
US, 2004), 1 edn.p. 3. 
[151] J. J. Yang, M. X. Zhang, J. P. Strachan, F. Miao, M. D. Pickett, R. D. Kelley, G. Medeiros-
Ribeiro, and R. S. Williams, High switching endurance in TaOX memristive devices, Applied 
Physics Letters 97, 232102 (2010). 
[152] K. D. Sandwip, L. Jong-Jan, and A. Prasad, Electrical Properties of Paraelectric 
(Pb0.72La0.28)TiO3 Thin Films with High Linear Dielectric Permittivity: Schottky and Ohmic 
Contacts, Japanese Journal of Applied Physics 34, 3142 (1995). 
[153] X. Chen, C. H. Jia, Y. H. Chen, G. Yang, and W. F. Zhang, Ferroelectric memristive effect 
in BaTiO3 epitaxial thin films, Journal of Physics D: Applied Physics 47, 365102 (2014). 
[154] H. Kohlstedt, A. Petraru, K. Szot, A. Rüdiger, P. Meuffels, H. Haselier, R. Waser, and V. 
Nagarajan, Method to distinguish ferroelectric from nonferroelectric origin in case of resistive 
switching in ferroelectric capacitors, Applied Physics Letters 92, 062907 (2008). 
[155] D. Zhao, I. Katsouras, K. Asadi, W. A. Groen, P. W. M. Blom, and D. M. de Leeuw, 
Retention of intermediate polarization states in ferroelectric materials enabling memories for 
multi-bit data storage, Applied Physics Letters 108, 232907 (2016). 
[156] M. Dawber, D. J. Jung, and J. F. Scott, Perimeter effect in very small ferroelectrics, Applied 
Physics Letters 82, 436 (2003). 
[157] A. Malashevich, M. S. J. Marshall, C. Visani, A. S. Disa, H. Xu, F. J. Walker, C. H. Ahn, 
and S. Ismail-Beigi, Controlling Mobility in Perovskite Oxides by Ferroelectric Modulation of 
Atomic-Scale Interface Structure, Nano Letters 18, 573 (2018). 
[158] R. Soni, A. Petraru, P. Meuffels, O. Vavra, M. Ziegler, S. K. Kim, D. S. Jeong, N. A. 
Pertsev, and H. Kohlstedt, Giant electrode effect on tunnelling electroresistance in ferroelectric 
tunnel junctions, Nat Commun 5, 5414 (2014). 
[159] S. Ismail-Beigi, F. J. Walker, A. S. Disa, K. M. Rabe, and C. H. Ahn, Picoscale materials 
engineering, Nature Reviews Materials 2, 17060 (2017). 
[160] M. S. J. Marshall, A. Malashevich, A. S. Disa, M.-G. Han, H. Chen, Y. Zhu, S. Ismail-
Beigi, F. J. Walker, and C. H. Ahn, Conduction at a Ferroelectric Interface, Physical Review 
Applied 2, 051001 (2014). 
[161] Y. Sugimoto, R. Takeuchi, Y. Kitazumi, O. Shirai, and K. Kano, Significance of 
Mesoporous Electrodes for Noncatalytic Faradaic Process of Randomly Oriented Redox Proteins, 
The Journal of Physical Chemistry C 120, 26270 (2016). 
[162] B. T. Yonemoto, G. S. Hutchings, and F. Jiao, A General Synthetic Approach for Ordered 
Mesoporous Metal Sulfides, Journal of the American Chemical Society 136, 8895 (2014). 
[163] M. S. Huang, V. Suresh, M. Y. Chan, Y. W. Ma, P. S. Lee, S. Krishnamoorthy, and M. P. 
Srinivasan, Multi-layered metal nanocrystals in a sol-gel spin-on-glass matrix for flash memory 
applications, Materials Chemistry and Physics 186, 36 (2017). 
[164] D. Tsoukalas, P. Dimitrakis, S. Kolliopoulou, and P. Normand, Recent advances in 
nanoparticle memories, Materials Science and Engineering: B 124, 93 (2005). 
 106 
[165] S. Kundu, D. Maurya, M. Clavel, Y. Zhou, N. N. Halder, M. K. Hudait, P. Banerji, and S. 
Priya, Integration of lead-free ferroelectric on HfO2/Si (100) for high performance non-volatile 
memory applications, Scientific Reports 5, 8494 (2015). 
 
